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rrost suited to observations in the NIR and backscatter view angles 
giving better results in the red barrl. Because of different leaf 
angle distribution characteristics, discrimination was found to be 
better at small solar zenith angles in both spectral bands. 
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1 I~TRODUCrT~N 
A relativp.ly unexploited aspect of remote sensinq is 
off-nadir viewing of the earth's features from aircraft, 
satellites and ground-based sensors. However, ~ational 
Oceanic and Atmos~heric Administration's (NOAA) Advanced 
Very High Resolution Radiometer (AVHRR) scans plus and 
minus 56 degrees of nadir and future systems like 
Satellite Prcbabatoire pour L'Observation de la Terre 
(SFOT-1), will have pointable view angle c~pabilities. 
The potential increase of temporal and spatial coverage 
resulting from off-nadir viewin~ is considered a major 
advantage of directional 0ff-nadir measurements 
(Schnetzler, 1981) • However, before this additional 
source of data can be used with confi1ence, the effects 
and possible advantages of off-nadir viewing and changing 
solar zenith angles need ~o be known. 
Until recently, reflectances of earth surfaces ~ere 
assumed to be isotropic, mainly because remote s~nsing 
systems have typically collected measurements only from 
nadir with a restricted fielj-of-view. Thus, the 
variability that occurs with chan;inq view an;le and solar 
zenith angle had not been recognized because nadir 
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observations ~nd constant times cf observations resulted 
in apparently similar reflectances. The interaction of 
radiation with vegetation is now known to be a complex 
relationship that is'a function of canopy structure and 
oPtics, solar zenith and view angle. Theoretically, this 
interaction is reprp.sented by the bidirectional 
reflectance distribution function (BRDF). However, in 
practice the bidirectional reflectance factor (ERF) is 
usually determined by a ratio of radiation reflected from 
a target to that reflected by a perfectly diffuse 
lambertian surface. 
~ost bidirectional reflectance reseach has been 
limited to simulation models because of the difficulty in 
collecting field data. Although only a few directional 
reflectance distributions covering the entire hemisphere 
of earth surfaces have been collected (Smith and Ranson, 
'979), the potenti?l of using off-nadir measurements as a 
source of information has been demonstrated by Kimes 
('983) and Barnsley (1984). Research generally has shown 
th3t lowest reflectances occur near nadir and increase 
with off-nadir viewing. In addition, variations in 
reflectance with chanQing solar zenith angles have also 
been shown. 
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The natur~ of ~idirecLional reflectance suygests 
bidirectional reflectances have unique c~aracteristics 
associated with different vegetation cover types and these 
characteristics may be used to discriminate cover types, 
thus increasing classification accuracy. A number of 
studies, using simulation models and observations 
collected from aircraft, have indicated that increased 
classification accuracy would result from the use of 
off-nadir view angles. Despite these findings based on 
modeled reflectances, there is still a need for empirical 
studies to verify these theoretical results. However, the 
effect on discrimination of off-nadir observations 
collected from ground-based sensors has not been addressed 
in the literature. The length of time required to obtain 
sufficient samples at different view angles by typical 
ground-based sensors makes observations of BPF for 
constant solar angles difficult. However, a recent 
technological advance in research instrumentation has led 
to the development of the PorLable Apparatus for Rapid 
Acquisition of Bidirectional Observation of the Land and 
Atmosphere (fARASnLA) which makes it possible for th€ 
rapid samplinq of the entire ground hemisPhere at 
specified view angles. 
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This study will use observations to 
investigate the potential of bidirectional reflectance fo~ 
the discrimination of vegetation canopies. A statistical 
test, the t-test, is used to analyze intercanopy 
reflectance in two areas: 1) the differences in 
reflectances between nadir and off-nadir view angles for 
different so lar zenit hang les, and 2) reflect.dnce 
variability between solar zenith angles at selecte1 view 
angles. The t-test viII also be used to test the 
significance of reflectance differences between different 
canopy types for varying view and solar zenith angles. 
The differences in reflectance betveen canopies is 
quantified in feature space by using Euclidean distances 
between the mean reflectance values of each canopy cover. 
This is the first attemp~ at using ground-based 
observations for the purpose of feature discrimination. 
As a result, the study is not exhaustive but is a 
preliminary investigation conducted using some of the 
first data from the PARABOLA. However, it is the 
intention of this study to provide results which may give 
an indication as to the utility of off-nadir observations 
and potential problems and areas of future research. 
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2 LITE?ATURE FEVIE~ 
The past emphasis in remote sensing has been to 
improve spatial, radiometric and spectral resolutions. 
These improvements have led to a tremendous increase in 
data and were expected to significantly improve the 
information content of the reflectance data. However, an 
analysis of classification accuracies, which should result 
from increased information content, have not occurred. 
Emphasis has ~hifted recently to rese~rching the 
effects 0= off-nadir viewing on surface reflectance. The 
bidirectional reflectance properties about the surface 
have been virtually ignorerl in terms of contributing and 
understandinq remote sensing jata. The complicated 
relationship between solar radiation and surface features 
have made field studies difficult while models simulating 
bidirectional reflectances have had limited success. A 
brief review of the effects of re~olution improvements on 
discrimination is given followed by a detailed discussion 
of bidirectional reflectance and its effect on 
discrimination. 
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2.1 Effects of Remote Sensing ?esolution Aavancements 
on Discrimination 
With the launching of the first Landsat satellite in 
1972, detailed repetitive spectral data of the earth was 
obtained for the first time. Experiments designed by ~ASA 
in the 1970's successfully use1 landsat ~ultispectral 
Scanner (MSS) data to test the ability of remote sensing 
to assess worldwide agricultural production. Consistently 
high classification accuracies were reported throughout 
the experiments. However, classification accuracies from 
landsat data reported in the literature have not been as 
successful as the NASA experiments had at first indicated. 
For example, a statistical survey of 224 Landsat 
investigations by Jayroe (1978) reported an average 
accuracy of 74 percent when compared to ground-based 
studies for crop inventory. This study also reported an 
average accuracy for crop classification mappin~ of 63 
percent. Varied accuracies also were reported by Fan 
(1979) depending on type of imagery and classification 
categories. For Landsat 1 MSS data an 83 percent averaQ€ 
~ccuracy for urban landuse was reported. 
In July, 1982 Landsat 4 vas successfully launched 
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.ith a MSS and new, advanced sensor, the Thematic ~apper 
(T~), on beard. The TM represents results of a research 
and development effort in which major improvements in 
remote sensing since the MSS have been simultanuously 
intergrated into one system (Williams et al., 1984). 
Specific improvements over the MSS have been achieved in 
spatial (80 to 30 m~ters), radiometric (6 to 8 bits),· and 
spectral (4 to 7 bands) resolutions. The additional 
spectral bands were specifically chosen to maximize 
vegetation discrimination while improved spa~ial 
resolution was expected to si~nificantly increase 
classification accuracy. 
Studies by Williams et ale (1984) and Irons et ale 
(1984) attempted to identify the contribution of the 
individual sensor parameters from recently acquired TM 
data. An analysis of variance approach was used to 
isolate effects of spatial, spectral and radiometric 
improvements over ~SS data. Spatial resolution was found 
to be statistically insignificant for improving 
classification accuracy in the "illi~ms et ale 
study and to consistently decrease in the study by 
(1984) 
Irons 
et ale (1984). These results substantiate earlier 
findings (Dean and Hoffer,1982, Latty anj noffer,1981, and 
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Sadow~ki ~t al.,1977) obtainei from simulation studies, 
namely, that the signific~nt improvement in spatial 
resolution has had little positive impact on 
classification accuracy. 
In analysis of radiometric and spectral resolution 
improvements of T~ data, conflicting results were reported 
by Williams et al.(1964) and Irons et al.(1984). williams 
et al. (1984) showed 3-a percent increase in 
classification for radiometric and spectral resolution 
increases. The Irons et ale (1984) study was conducted 
on two different TM scenes, urban and aQricultural, with 
results suggesting these improvements are highly dependent 
on spectral and spatial scene attributes. Improvements in 
classification accuracy of approximately 5 percent were 
found for radiometric and spectral resolution on the urban 
scene while no siQnificant effect occurred 
agricultural scene. 
for the 
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2.2 5idirectional ?eflecLance Effects on Veqetdted 
Surf~ces 
2.2.1 Early Studies 
~ost remote sensing systems, such as the MSS and T~, 
only collect measurements from the nadir position. Until 
the rnid-1950s the nadir view angle was thought to 
characterize accurately hemispherical reflectance since 
surface reflectance was considered to be isotropic. The 
anisotropic nature of surface reflectance in different 
wavelengths had not been recognized because routine 
observations maintained a constant nadir view and time of 
observation resulting in apparently similar reflectances 
of given surfaces. 
Although a few studies (Krinov, 1947, and Coulson, 
1956) had shown variation in reflection with different 
wavelengths, it was not until the 1960s that researchers 
seriously investi1ated the assumption of isotropic 
reflectance of surfaces. In calculating albedo from 
s~tellite data, researchers discovered that albedo 
measurements were found to be consistently low 
(Salomonson, 1966). In a laboratory study on natural 
surfaces, Coulson (1966) investi~ate~ the possible reasons 
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for low' albedo measurements. He found that by varyi~; 
view angles from the nadir position minimum reflectance 
off surfaces occurred in the nadir r~gion with increasing 
reflectance occurring with increasin~ view anqle. If this 
trend applies to most surface reflectance, then the 
calculated hemispherical reflectance would be 
. underestimated resultinQ in the low albedo measurements. 
Coulson (1966) suggested that reflected sola r 
radiation was a function of wavelength, solar zenith 
angle, view angle and OPtical properties of the atmosphere 
and surface. He saw the need for more studies on the 
variation of reflection with angle, saying that little 
work had been done on the subject. Salomon son (1966) 
provided early evidence of the anisotropic characteristic 
nature of the earth's surface by presenting results from 
aircraft radiometer measurements of reflected solar 
energy. Data collected over clouis, ~rassland, sand and 
ocean indicated that significant forward and 
backscattering occurred with increasin~ solar zenith 
angles. Coulson (1966) suggested that albedo estimates 
should take account of anisotropic characteristics of 
natural surfaces. 
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:he anisotropic nature of solar reflectance from 
clouds, water, and land surface using an aircraft-mounted 
radiometer was investigated by Brennan and Bandeen (1970). 
Varying view angle and azimuth direction, data were 
collected in two bands, 0.55-0.85um and 0.2-4.0um. The 
results SUbstantiated the findings of Coulson (1966) and 
Salomonson (1966) that found that natural surfaces are 
anisotropic with minimum reflectance at nadir with clouds, 
forests, and ocean showing similar bidirectional 
scattering patterns. 
2.2.2 The Nature of Bidirectional Reflectance 
Previous investigations of hemispherical canopy 
reflectance primarily relied on laboratory reflectance 
measurements of leaves. Researchers began to realize the 
limitation of this approach in understaniing aircraft and 
satellite remote sensing data. Colwell (1974) emphasized 
the complicated relationship that exists in investigating 
reflected solar radiation. Characteristics of the canopy, 
background, solar zenith, look an~le and azimuth should be 
understood to predict reflected solar radiation (Colwell, 
.1974). In modelin~ the reflectance of grasses, Colwell 
------------ - ----
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(1974) examined tne effects of these param~ters concluding 
that all can vary at any given time but all should be 
considered important. 
The first real investigation into isolatinQ 
parameters thought to effect reflectance was attempted by 
F.Qbert and Ulaby (1972). To account for the anisotropic 
nature of surface reflectance, research was desiQned to 
predetermine OPtimal filter combinations in a multiband 
experiment. Analysis of reflectance measurements showed 
how target briqhtness and contrast. can chanQe as a 
function of viewing geometry. Grass canopies, dominated 
by vertical components, were found to have significant 
variations in reflectance as a function of look anQle. 
Variations for certain combinations of solar zenith and 
azimuth were also found. 
~icodernus (1970) developed an expression to explain 
the anisotropic reflectance nature of the surface. The 
reflection properties of a surface are described by the 
bidirectional reflectance function CBRDF) defined as: 
f(e I ")- dL'( "') -1 -,~,e,~ - e,~ sr 
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Ioihere: 
e = zenith anqle of radiation source 
4> = azimuth ang Ie of radiation source 
e" = zenith anqle of sensor 
4>" = azimuth angle of sensor 
dL' = reflected radiance in the direction 
dE = incident radiation from the direction 
sr -1 = steradian 
Although mathematical~y and completely descriptive of a 
surface~ BBDF is difficu~t to evaluate. It can not be 
measured directly because truely infinitesimal elements of 
solid angle do not include measureable amounts of radiant 
flux (Deering, 1984). Thus, BRDF is only a theoretical 
explanation of the surface interaction of reflection 
characteristics. In practice, the average of the BRDF 
over finite solid angles of incidence and exitance 
radiance is used. This average quantity is termed 
bidirectional reflectance factor (BRF) and is defined as 
the ratio of the radiant flux actual~Y reflected and that 
reflected by a lambertian surface identicallY irradiated 
and observed (Nicodemus, 1977). 
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2.2.3 rRD? Simulation Models 
Due to the difficulty of iso1atinq and observing 
various characteristics under natural conditions, the use 
of mathematical simulation models was necessary (Kirchner 
et a1., 1981). In these models, parameters that control 
canopy reflectance leaf optics canopy geometry, 
background, azimuth angle, solar zenith and view angle -
can be specified and may be varied independently to obtain 
reflectance as a function of canopy characteristics. 
Suits (1972) developed the first model to predict the 
non- 1ambertian characteristic of vegetation canopies. 
The Suits model is basically an extension of the Allen, 
Gayle, Richardson (AGR) Model (1970). The AGR Model 
relates leaf area index (LAI) to hemispherical reflectance 
but does not account for reflectance variations as a 
function of view anq1e (Suits, 1972). The radiation 
interaction with plant canopies, based on spectral and 
geometric characteristics, results in predicted 
bidirectional reflectance. Analysis of simulated data 
demonstrated variation of reflectance as a function of 
view angle. Suits (1972) suggested that this variability 
be attributed to the ratio of vertical to horizontal 
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canopy components sensed with ch~n~inJ vie. angle. 
The Solar Radiation Vegetation Canopy (SBVC) Hodel 
differs from the Suits Model, in that it is a stochastic 
rather than deterministic model of radiation interaction 
with plant canopies. The primary reasons a stochastic 
model is advantageous are that most remote sensing 
algorithms are stastically oriented and that reflectance 
processes are stochastic by nature (Smith and Oliver, 
1972). The SRVC simulates the interaction of radiation in 
a multilayer canopy to determine directional reflectance 
by accountinq for variations of sun angle, sensor view 
angle, canopy qeometry and OPtical properties. Basically, 
each iteration through the model consists of the 
probability of flux from any given source enterin~ the 
canopy and hitting a gap in the layered canopy. 
SuffiCient interations results in statistics that can be 
useful in various algorithms. 
Most recent simulation studies have used the SRVC 
~odel to understand the behavior of vegetation canopy as a 
function of solar zenith and view angles. ~imes et ale 
(1980) studied solar zenith effects on contrasting 
geometric structures. Spectral reflectance was found to 
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increase with increasing solar zenith angle on an 
erectophile and p!anophile canopy. Smith (1975) showed 
that spectral reflectance can both increase or decrease 
depending on the type of the crop and developmental stage. 
The effects of varying azimuth, solar and view angles were 
modeled on seven vegetation canopies in bands .68um (red) 
and .80um (N!?) by Kirchner et ale (1981). Analysis of 
the data showed that at 0.68um there was much more 
variability than at 0.80um within a 35 degree view angle 
with radiances varying from 25 percent less to 35 percent 
more than at nadir while there was only plus or minus 5 
percent variability at 0.80um. In addition to the 
previously observed trend of increasing reflectance with 
increasing solar zenith angle, variability also is shown 
to decrease with increasing biomass. 
2.2.4 Field Studies of 9RF 
Plant canopy reflectance models had limited success 
in predictinq detailed spectral reflectance. Yet until 
the late 1970s only a few directional reflectance 
distributions covering the entire hemisphere of vegetation 
had been measured and little analys~s performed (Smith and 
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Ranson, 1979). This was un1~~standable as the ~RDF is a 
complex function of variables such as geometric structure 
of the vegetation and soils, optical properties, 
background, solar zenith, azimuth and view angle. 
However, within the last five years, research has focused 
on BROF field work to extract unique information about 
physical properties nf natural surfaces and also to 
improve inter?retation of aircraft and sa~ellite data that 
have off-nadir sensors. 
The objective of applying remote sensing in 
agriculture has encouraged recent studies of the 
bidirectional reflectance properties of a~ricu1tural crops 
(Staenz et a1., 1981). Although research has shown that 
target radiance varies with view and solar angles, only 
recently have efforts been made to relate BRF observations 
at various illumination and viewing ~eometries to the 
structural prope~ties of vegetation. Field work on 
agricultural crops has illustrated additional problems in 
interpretation of BRF values. Ranson et ale (1981) using 
a truck- mounted radiometer measuring in the visible and 
NIR wavelengths related changes of LAI, leaf inclination 
and percent cover in soybeans to reflectance values. 
Well-developed canopies in NIR and visible showed little 
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effect with varying solar zenith angles. However, in 
canopies with well-developed' row structure, reflectance 
was strongly affected by solar zenith chanQes in the 
visible band bot less so in the MIR. Ranson et ale 
(1981) suagested that shadows cast by rows strongly 
influence reflectance values thus posing a significant 
interpretation problem. 
Kirchner et ale (1982) eliminated the problem of row 
structure in studying an alfalfa crop which shows no 
~ronounced row structure •. In this study, research 
illustrates the rates of change of a crop as a function of 
geometric structure, solar zenith and view angle (Kirchner 
et ale ,1982). In the early stages of development, 
alfalfa is characterized by low biomass and an erectophile 
structure. As a result of these characteristics, solar 
angle changes result in consi~erable variations in 
reflectance, but reflectance stabilizes with plant 
maturity as the structure becomes planophile with high 
biomass. In aeneral, the variability of reflectance with 
view angle was found to decrease as the biomass increases. 
However, this decrease in variability of reflectance with 
crop maturity still resulted in doubling of percent change 
in reflectance with view anoles extended to 45 deQrees for 
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both the visible and ~IR bands. 
Trends, similar to those shown by Kirchner et 
al.(1982), were observed by Kimes (1983) and Kirchner et 
ale (1980>, in field studies on vegetation canopies. As 
reported in Kirchner et al. (1982), complete homogeneous 
vegetation reflectance increases as off-nadir viewing 
increases for all azimuth view and solar angles. This 
trend is attributed to the shadin~ of lower canopy layers 
by the upper layers and by viewinq different proportions 
of the layers as view angle changes (Kimes, 1983). Sparse 
canopies are found to exhibit the same variability with 
changing solar zenith angle in the visible wavelengths due 
to strong backscattering toward the sun. In the NIR the 
same trends occur as for complete canopies in the visible, 
but the strong backscattering by soil has substantially 
less effect. However,results from Barnsley (1984) 
indicate greatest view an~le effects in the NIR 
wavelengths which contradict the results from Kimes et ale 
(1983) and Kirchner et al. (1982). Barnsley attributes 
this discrepancy to intergration caused by usinq broad 
b~nds. 
2U 
2.2.5 Improved CI~ssification using Bidir~ctional 
Reflectance Observations 
Previous studies suggest that directional retlectance 
measurements of vegetation canopies and agricultural crops 
have unique characteristics which can be used to 
distinguish between different cover types (eg. Kimes et 
al.,1984, Kirchner et al.,1982). Modelinq of the 
radiation interaction with plant canopies was first 
initiated as a potential tool for improving the 
recognition process by ·Smith and Oliver (1974). They 
recognized the significance of variation of reflectance 
with view angle for discrimination of vegetation canopies. 
Smith and Oliver (1974) used the SRVC model to investiqate 
the effects of directional reflectance characteristics on 
discrimination. In this study on shortgrass prairie , 
spectral signatures were calculated as a function of view 
angle for two hypothetical canopies that have different 
leaf area indices. Iterations throu~h the model permit 
calculation of mean vectors and covariance matrices for 
reflectance at different sensor view an~les. These 
statistics are used to calculate divergence 
targets for different wavelength combinations. Seven 
wavelengths between .4-.7u., showed that different pairs 
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of ~avelengths discriminate better than others and that 
some targets show greater separability at some scan angles 
(Smith and Oliver, 1974). These results indicate that 
combinations of different wavelengths and view angles can 
be expected to increase classification accuracy. 
~lthough studies by Egbert and Ulaby (1972), Kirchner 
et al. (1982) and Kimes et ale (1984) have su~gested 
that bidirectional reflectance measurements may improve 
feature discrimination, no direct attempt was made to 
prove this hypothesis until the examination of KSS data by 
Ott et al. (1984). In analysis of MSS data with a scan 
angle of plus or minus 50 degrees, the authors take into 
account angle dependent effects using a maximum liklihood 
classification. Comparision between 
using an entire scan angle and an 
a classification 
angle-dependent 
classification show a significant overall increase in 
classification accuracy from 74 to 90 percent (Ott et 
al.,1984). 
Basic and applied research into the contributions 
bidirectional reflectance can make in increasing 
discrimination have been hampered largely by instrument 
limitations. However, recent developments have 
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circumvented many of the early problems associated .ith 
collecting Lidirectional reflectance measurements and 
there is now a growin9 body of research addressing the 
problems and fundamental nature of bidirectional 
reflectance of surfaces. 
The study presented here is a pilot investigation of 
the effects of off-nadir viewin~ anj solar zenith angles 
on the discrimination of selected vegetation cover types 
using state-cf-the-art instrumentation. The potential for 
using off-nadir observations in remote sensinQ 
applications is considered. The specific objectives of 
this investigation are outlined in the section that 
follows. 
2.3 Objectives 
The utilization of remotely sensed data for 
geographic applications has primarily been directed at the 
discrimination and classification of earth features. 
However, the full potential of these data for geographic 
applications has, as yet, not been realized because most 
analytical t~chniQues are based on nadir observations and 
23 
the assumption that surfaces are isotropic reflectors. As 
indicated earlier, a number of recent studies have 
revealed the anisotropic nature of natural surface covers 
and the potential for enhanced feature discrimination 
using off-nadir observations (e.g. Kimes, 1983). 
The underlying aim of this investigation is to 
evaluate field collected bidirectional reflectance data in 
terms of its potential for discriminating selected canopy 
covers. ~ore specifically, the objectives are to: 1) 
determine the nature of bidirectional reflectance 
distributions of each canopy in both the red and NIR 
spectral bands at selected solar zenith angles. This 
analysis is intended to reveal any unique reflectance 
properties which may be displayed by each canopy. Such 
properties would be useful for =anopy discrimination based 
on spectral reflectance characterisitics, and 2) evaluate 
bidirectional reflectance data using quantitative methods 
to determine the ~ost suitable view angles or view angle 
combinations for a given spectral band and solar zenith 
angle for the optimum discrimination of canopy pairs. 
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3 :1ETP.JDOLJGY 
3.1 Instrumentation 
The PABABOLA was designed specifically for 
fundamental research of bidirectional reflectance 
(Deering, 1984). The instrumentation was designed with 
five important attributes: rapid sampling, good 
radiometric sensitivity, self-containe1 data acquisition 
system, portability and rugged design for field use and a 
multiple platform mounting capability (Deering,1984). 
Previously, the major obstacle to field collection had 
been the lack of a rapid sampling "ability for off-nadir 
measurements. Rapid sampling effectively minimizes 
changing solar position and sky conditions during the 
sampling procedure. The additional improvements of 
infield mobility and mounte1 calibration also provide 
significant 
techniques. 
improvement over previous field sampling 
The PABABOLA is essentially a 3-channel rotating head 
radiometer and data recording unit designed for use on a 
variety of platforms. Although this instrument was built 
originally for support by a tripod mount, other platforms 
have been used including a Goddard Space Flight Center 
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Instrument v~n, hot-air ballon and Transportable Pickup 
ffount System (TP~!S) • TP~S, the support vehicle used for 
this study , consists of a light-weight, collapsable boom 
that mounts on a Pick-up truck as illustrated in Fig.3.1, 
thus allowing sampling under most field conditions. 
The three detectors mounted on the radiometer cover 
the spectral bands O.65-0.67um (red), O.81-0.84um (NIB) 
and 1.62-1.69uM (SWIR) that approximate TM bands 3,4,and 
5. However, the bands can be changed or adjusted to 
desired specifications. Two of the three detectors are 
silicon photodiodes for the visible-NIR part of the 
spectrum and germanium photo diode desiqned for the 
mid-infrared spectral range, are defined by narrow band 
interference filters. 
The radiometer, mounted 518cm above the ground, 
samples radiation fluxes from the de~ectors simulteanously 
in 15 degree view angle increments and approximately 30 
degree increm~nts of view azimuth. The sampling scan of 
the entire around-sky sphere results in 263 samples for 
each channel per scan cycle as illustrated in Fig. 3.2. 
The data set, taken in an 11-second period, is followed by 
a 35-second transfer to a tape recorder of voltages 
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3.1 PARAOOIA with Transportable Pickup ltbmt System (TPMS) 
(Source: Deering I 1984). 
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3.2 PARABOIA instanteaneous field of view (IFOV) pixels projecte:l 
onto a two-dimensional surface (Source: Deering, 1984). 
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produced by the PARABOLA. These volt3ges ~re later 
transformed to reflectance using the calibration procedura 
described in section 3.4.1. 
For this research only observations in the principle 
plane of the sun were analyzed. The principle plane is 
the direction of the sensor l~oking toward the sun 
(azimuth 0 degrees) and directly away from the sun 
(azimuth 180 deorees). Thus an azimuth of 0 and 180 
degrees represents forward and backscattering 
respectively. Kimes (1983) shows that the major peaks and 
mininum reflectance that occur in the principle plane, 
adequately characterize directional reflectance of 
homogeneous canopies. 
3.1.1 Assumptions and Limitations 
Although the PARABOLA has improved significantly 
field sampling techniques, engineering restrictions 
prevent the PARABOLA from sampling the same ~round pixel. 
Fig. 3.2 indicates that for every change in view angle 
and azimuth direction a different area on the ground is 
viewed. Therefore, it must be assumed that spatial 
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homogeneity exists for any interpretation of the PArtAbOLA 
data. There are several checks which may be performed to 
establish the degree of homogeneity of vegetation types in 
this study. 
An initial qualitative assessment of spatial 
homogeneity is made in selection of each study site. An 
area approximately 30m by 30m vas needed to cover the full 
scan of ~he PARABOLA. Site selection was guided by 
consistency in vegetation heights and the spacing between 
plants. 
Due to the constant change in solar position, data 
sampling was restricted to less than 15 minutes duration. 
Thus, samples within a number of distinct solar zenith 
angles were collected. Within this period of time five 
samples were collected. Repositioning of the TPMS for 
each sample prevented more samples from being collected in 
a 15 minute period. The five samples for each solar 
zenith angle, in addition to pixel size, which averages 
greater than 3.35 square meters, was assumed to represent 
adequately veget~tive variability (Deering, 1985; 
Personal communication). 
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A more quantitative measure of homogeneity was 
achieved by p~rforming the F-Test which is described in 
detail in Section 3.5.3. The F-test is used here to test 
for equal variance within each cover type by comparison of 
view angle means. Since the PARABOLA is a rotating 
scanner, each view angle looks at representing different 
areas of the sample site, thus the spatial homogeneity of 
each cover type is tested by this analysis. 
3.1.2 Pixel Size 
The rotating radiometer head results in data 
collected from a variety of ellipsoi1 shapes and pixel 
sizes. At the nadir position, the pixels are circular and 
become increasingly ellipsoid and larger as the off-nadir 
angle increases as is illustrated in Fig. 3.3. Pixel 
size, determined by the height of the PARAbOLA above the 
canopy and the instanteaneous field of view (IFOY), may be 
calculated for off-nadir pixels from: 
SENSOR 
HEIGHT 
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SENSOR POSITION 
-'---{--+--l--~;."..--"r--4I---l- GROUND SURFACE 
NADIR VIEWED 
FOOTPRINT 
(CIRCLE) 
OFF-NADIR VIEWED 
FOOTPRINT 
(ElUPSE) 
3.3 Projected fCXJtprints (pixels) of the PARABOLA IFOV on the 
surface (Source: Deering, 1984). 
Where: 
Where: 
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f(0:41,0' ,41') = dL' (0' ,cpr) 
dE(0,CP) 
-1 
sr 
A . = area of the ellipsoid 
1. 
a i = major axis ani is defined as: 
a . = Htan (1+tan N )/1-(tan tanN ). 
1. 
H = sensor heiQht above canopy 
N i = off-nadir anQ!e 
a = 1/2 the IFOV 
B . = minor axis and is defined as: 
1. 
B . = Htan /cosN 1-(tan tanN )1/2 
1. 
and for nadir from: 
3.1.3 Support Instrumentation 
SupportinQ instrumentation for the experimen t 
includes a fish-eye camera mounted adjacent to the 
radiometer on the PARABOLA for ground documentation, a 
truck-mounted fish-eye lens camera for sky conditions and 
a sun photometer. For each sampling sequence, the two 
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cameras recorded sky condition and surface features 
simulteanously thereby, providing photographic 
verification of the measurements. The sun photometer, 
recording intensity of direct solar radiation in narrow 
wavelength bands, is used to calculate irradiance. The 
sun photometer is described in further detail in the 
calibration section. 
3.2 Study Sites 
A preliminary research effort to collect PARABOLA 
data in West Texas (Fig. 3.4) was undertaken in 
September, 1985. The objective of the experiment was to 
collect PARABOLA data of homogeneous vegetation types 
representative of a semi-arid environment. The 
semi-desert grasslands of southwest Texas and the southern 
high plains of Northern Texas were s~lected as study sites 
to sample representative vegetation types. 
3.2.1 Vegetation Sampling Sites in the Semi-desert 
Grasslands 
A 
• DALLAS 
B 
HOUSTO,\ 
• SAN ANTONIO 
~----t 
200 mile, 
3.', Location of the semi-desert grasslands (A) and the southern high plains (B) study 
sites in Texas. 
w 
+:> 
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7he grasslands of the semi-aesert l~nd~ (South~es~ 
Texas, Southeast Arizona and Southern New Mexico) have 
given way to higher densities of shrubs durin~ the past 75 
years (Wright and Bailey, 1982). Since climatic change 
has not been sufficient to account for this vegetation 
succession, lack of" fires, drought and overgrazing are 
believed to be responsible for ·the changing vegetation 
(Wright and Bailey, 1982). 
Cresote bush (Larrea trident~ta) and rough coldenia 
(Coldenia hispidissima)·. are two of the vegetation types 
sampled within the semi-desert grasslands. Background 
information relating to vegetation characteristics of the 
semi-desert grasslands and the southern high plains are 
summarized in Table 3.1 and 3.2. Creosote is major 
invader into the semi-desert grasslands as a result of 
overgrazing. Rough coldenia, a thinly spaced shrub, 
occupies a small portion of the area. Creosote bush and 
rough coldenia occur in gypsum ranQe areas that consist of 
loamy soils varying in depth and underlain by white gypsic 
earth (Dittemore and Moore, 1964). These plants must be 
tolerant of qypsu~ and dry SOil, with the invading plant 
deter.ined by the depth and particular soil type. 
Table 3.1 Canopy characteristics of selected vegetation types. 
~------------------------,pn-l~lI::-:n::-:t:-- iiolnass.-'-.---- --.. ---------------------, 
Iconunun name 
(spede:;) 
reosote bush 
(Larrea tridentata) 
~ough coldenia 
(Coldenla h1sp1d1ss1ma) 
~hlnnery oak 
(Quercus havard11) 
~room snakeweed 
lIeight Spacing Slope density wet/dry 
76.2cm 152.4em 0-1% 14.7% 650/533 
12.1cm 60.gem 0-1% 18.4% 140/33 
43.1em 15.2eal 0-3% 48.5% 594/439 
(Xanthocephalum sarathrae)20.3cm 15.2em 0-3% 51.3% 492/386 
Grosses· 76.2cm 30.4clII 0-3% 73.3% 531/464 
Soil background 
McCarran series, 
calcareous and 
gyp8COU8 loamy 80118 
McCarran aeriea, 
calcareous and 
gypSOU8 loamy soils 
Tivoli series, 
deep, light-
colored, loose 
aands 
Mansker aeriea, 
calcareoua, shallow 
brown colored soils 
Brownfield seriea, 
deep, noncalcareoua 
permeable, sandy so.i la 
Plant descrip~ion 
Large, woody shrub, 
darkgreen to yellow-
green gl088Y lesves 
Small, woody shrub, 
slender stems, no 
green biomass 
Woody shrub with dark-
green glossy leaves 
Native, perennial shrub 
in flower,slender stems 
yellow radiating heads 
Clumps of green and 
bro~~ graases with 
spikeleu 
I-:-::- - - -- - . --~Perenn1al threeawns (Ar1stida pansa), Sand drop seed (Sporobulua cryptandrus), Little bluestem (Schizachyrium 
scoparlum), Sand bluestem (A2drogogen hal11i), Hairy gramma (Bouteloua hirauta) 
.ATotal biomass in grams/O.25 m 
v-o 
Q\ 
.. 
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Table 3.2 Background infonnation to the selected study sites. 
Annual Average annual 
Latitude Longitude rainfall temperature 
Creosote 31 029'N lO3uS'W 2S.1cm 2S.S0C 
Broom 
snakeweed 33° 13 'N lO2 uSO'W 40.6cm 16.I0C 
Shinnery 
3302S'N I3.S0C oak 102uSO'W 43.Icm 
Rough 
3I030'N 2S.S0C coldenia 103uOS'W 2S.1cm 
Grasses 33020'N 102uSQ'W 40.6cm I6.10C 
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3.2.2 Vegetation Sampling Sites in the Southern Hi9h 
Plains 
The shinnery oak (Quercus havardii), broom snakeweed 
(Xanthocephalum sarathrae) and mixed grass (Aristida 
pansa, Sporobolus cryptandrus, Schizachyrium scoparium, 
Andropogen hallii and Bouteloua hirsuta) sites all occur 
in the southern hi~h plains zone of north Texas which also 
extends into eastern New Mexico and Oklahoma. Grasses 
predominate but forbs and woody plants have invaded areas 
of heavy grazing which is apparent at the sampling sites. 
Sandy lands common throughout the region are 
dominated by shinnery oak. Shinnery oak occurs as climax 
vegetation spreading rapidly as grass vegetation 
disappears with overgrazing. Broom snakeveed, like 
shinnery oak and creosote bush, is an indicator of 
overgrazed grasslan1s but occupies a different soil type. 
The grass site occupies a sandy land range site of nearly 
level to gently sloping plains. The grass site, treated 
to control the spread of shinnery oak, is representative 
of a healthy grassland environment. 
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3.3 Data Collection 
Bidirectional radiance measurements collected by the 
PARABOLA and support measurements were taken durinq a 
10-day period in September, 1984. On September 11, 1984 
an air-reconnaisance flight located the shinnery oak, 
oak/grass, grass and broom snakeweed sites to be sampled 
in the southern high plains vegetation zone. From 
September 12-14, the shinnery oak, grass and 
broomsnakeweed sites were sampled one day each. On-site 
field sampling included collection of PARABOLA data, sun 
photometer measurements ,photography and biomass 
estimates. The sampling procedure was repeated September 
17-19 for the creosote and rough coldenia sites with 
limited collection for the mesquite and oak/grass· sites 
due to time restrictions. Due to the similarities in 
sampling procedures throughout the study the procedure for 
only one day is outlined in the following discussion. 
3.3.1 PARABOLA Data Collection 
Prior to the actual samplin~ procedure a sampling 
t1.etable was deter_ined to represent adequately solar 
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zenith angles found throughout the day. The sampling 
procedure st~rted at approximately 9:00 am to represent a 
large solar zenith angle in order to collect a 
representative sampling of the full range of solar zenith 
angles. 
Within each solar zenith angle collection period, 
five samples were taken, within a eleven minute period. 
To begin the sampling procedure, the TPMS was stationed at 
the selected starting point within the sampling field. 
The vehicle was placed facin~ directly into the sun 
aligned alonq the prinCiple plane. 
Once the vehicle was in position, four other sampling 
locations were .arked one meter apart. At each sample 
location the PARABOLA collected data twice to insure 
aqainst momentary instrument malfunction. The camera with 
fish-eye lens mounted adjacent to the sensor 
simulteanously photographed the ~round conditions sampled 
by the PARABOLA. The camera on the TPMS was tripped 
manually to document sky conditions. This procedure, 
lasting approximately tvo minutes, was then repeated for 
four more sampling sites as the rPMS was moved forward to 
each sample plot locat~on. At the end of five samples , 
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the TP~S was returned to the original starting point for 
sampling in the next solar z~nith angle. This procedure 
was repeated until each solar zenith angle selected was 
sampled. 
There was approximately a 20 minute period between 
each solar zenith angle sampling. During this time, sun 
photometer measurements were collected. This procedure is 
described 1n detail in an ensuing section dealing with 
calibration. 
Upon completion of :iata sampling, vegetation 
clippings were made randomly at the site to estimate 
biomass. Five 0.25 x 0.25 meter areas were clipped and 
sorted into dead and live veqetation. These vegetation 
samples were placed in bags and were then weighed before 
drying. ~et and dry biomass estimates were determined by 
a ratio of vegetation (grams) to the sampled area 
squared), the results being tabulated in Table 3.1. 
(O.25m 
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3.4 Calculation of Reflectance 
3.4.1 Calibration of Spectral Radiance 
An important aspect of the field spectral 
measurements relates to the calibration of the data. 
Field data show gains or offsets, thus, it is necessary to 
calibrate the instrument. Gain is defined as an increase 
in signal power in transmission from one point to another 
while an offset is the relation between a fixed reference 
point on an input scale and correspondin~ point on an 
output scale which must be known. Calibration implies 
comparison with measurements of a fixed energy source or 
standard reflectance instrument. A 182.8 cm inter~rating 
sphere was the standard used for calibration in the 
laboratory. The intergrating sphere with multiple diffuse 
reflectors transfors output such that a 25.4 cm diameter 
exit window is filled with light uniformly. The PARABOLA 
is calibrated by creating a linear relationship between 
known values of radiance output anj measurements of the 
intergrating sphere taken by the PARABOLA. Recent 
calibration shows the relationship between the recorded 
voltage and radiance is linear in all three SPectral 
channels with a coefficient of determination 
0.999 (Deering and Leone, 1984). 
(R2 ) of 
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3.4.2 Calculation of Irradiance 
To obtain reflectance, accurate measurement of 
irradiance is needed. There are several methods of 
measurinq irradiance, the most common beinq to measure 
reflectance off ~ BaS04 panel which is assumed to be a 
perfect laabertian reflector. However, physical 
restrictions of the PARABOLA made barium sulfate readings 
impossible. To take readinqs the PARlBOLA would have to 
been repeatedly lowered and raised throughout the samplinq 
procedure which would have made the sampling process 
difficult, if not impossible. 
An alternative strateqy was to use a simple solar 
spectral model by Bird (1984), that was desiqned for 
application on cloudless days. The solar spectral model 
was modified by Lck (1985) of NASA/Goddard to calculate 
irradiance data with the input of sun photometer 
measurements. The modified model separately calculates 
direct and diffuse radiation as defined below: 
Where: 
Where: 
Where: 
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Diffuse Horizontal Irradiance 
ISA = (IrA + IaA)CA + IgA 
CA = correction factor tabulated by Bird (1984) 
IrA - rayleigh scattered irradiance 
IrA - HOAcos(Z) TOA twA TrA (1-TaA) Wo Fa 
Wo - single scattering albedo of the aerosol 
Fa - is the forward to total scattering ratio 
of the aerosol* 
* Bird (1984) suggests a value of 0.928 for the 
aerosol albedo and the value of Fa -0.82 
Where: 
IgA = [IdA cos(Z) + (IrA + IaA) C~]pgPs/(l-PgPs) 
Pg - ground albedo O.5(red) and 0.4(NIR) 
Ps = air albedo and is given by: 
Ps - TO'ATw'A ltaA(l-Tr'A)0.5 +Tr'A(l-Ta'A)O.22WoJ 
The primes on the transmittance terms indicate that they 
are evaluated at an air mass of 1.9. 
Where: 
';-Where: 
Where: 
Where: 
Where: 
Where: 
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Direct Nonnal Irradiance 
IdA =HoATrATaATbATWA 
HeA =extraterrestrial spectral irradiance tabulated in 
Bird (1984) 
TeA =ozone absorption arrl is defina:i as: 
TeA =exp(-AoAO.344Mo) 
ADA =Ozone absorption coefficient as tal::W..ata:i in Bird (1984) 
f.b =air mass expression for ozone 
f.b =35.0/[1224.0 ODs2 (Z)+llO.5 
TwA =water vapor absorption 
TWA ={exp3.3285AwA [W+ (1. 42-w) 0.50lMl (1. 0+20. 7AWAMO. 45} 
AwA = water ~ absorption coefficient arrl is tabulata:i 
by Bird (1984) 
W = precipitable water in a vertical path as tal::W..ate1 fran 
radiosarxie data provida:i by the National Climatic Center 
TrA = rayleigh scattering transmittance function and is 
definej as: . 
TrA = exp{~'/[4(1l5.6406-l.335/A2)l} 
M = cos(Z)+O.15(93.SS5-Z)-1.253 
Z = apparent solar zenith angle 
M' = pressure corrected air mass 
M' = MP/Po 
Po= 1013mb 
P = is the measured surface pressure in rob 
TaA= aerosol ert.inction 
TaA= lim In He voltage/sun pootaneter voltage- (TbA+TrA) 
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Comparison with corrected BaS04 data collected on two 
separate dates in a 1983 PARABOLA experiment, show the 
modified model averages 1.5 percent accuracy in the red 
spectral reqion and 1.7 percent in the NIR (Table 3.3). 
3.4.3 Sun Photometer Input to the Hodel 
A major modification of the Bird (1984) model is the 
input of sun photometer measurements to calculate direct 
and diffus~ irradiance. The sun photometer measures 
intensity of direct solar radiation in narrow wavelenQth 
bands. The atmospheric turbidity can be determined from 
the spectral measurements of direct solar radiation. The 
atmospheric turbidity is defined as the extinction of 
direct solar radiation by existing aerosols and is a Major 
parameter in calculation of irradiance. 
In practice the sun photometer is similar to a 
photographic exposure meter with a narrow viewing angle. 
Filters mounted on a disc within the hani-held instrument 
are rotated so that different filters <O.5COum and O.875um 
for this experiment) can be viewed throu~h a glass plate. 
~easure.ents are taken separately for each filter by 
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Table 3.3 Ccrr'q?arison of solar irradiance derived fran reflectances 
over BaS04 and the Bird Spectral !vbdel. 
a) 8/3/83 8/10/83 
Time 7:35am 8:40am 9:38am 9:32am 10:34am 11 :56am 
Solar 
zenith 75.1 62.5 51.3 53.4 41.5 28.9 
Corrected 
BaS04 7.26 16.38 23.76 26.1 32.41 39.09 
Spectral 
model 7.22 16.30 23.87 24.48 31.91 38.73 
Percent 
difference 0.6 0.5 -0.5 6.2 1.5 0.9 
b) 8/3/83 8/10/83 
Time 7:35am 8:40am 9:38am 9:32am 10:34am 11 :56am 
Solar 
zenith 75.1 62.5 51.3 53.4 41.5 28.9 
Corrected 
BaS04 4.44 10.13 14.95 16.22 20.5 24.8 
Spectral 
model 4.11 10.02 14.76 15.86 20.68 24.96 
Percent 
difference 7.4 1.1 1.1 2.2 -0.9 -0.6 
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aiming the instrument ai the sun so that the direct solar 
beam falls on the target and the voltage output of the 
silicon detector is read by a device. 
3.4.4 Calculation of Reflectance 
A software proqram was developed by Eck(1983) at 
NASA/Goddard to calculate reflectance for PARABOLA data. 
With minor modifications, this program is used for the 
PARABOLA data collected in September, 1984. Modification 
to the program enables the introduction of the Bird(1984) 
model to calculate irradiance instead of calibrated BaS04 
readings. 
Sun photometer readings are input into the Bird model 
to calculate irradiance for the the specific solar zenith 
angles at thp. time of collection. A linear fit is 
calculated and the program calculates the irradiance for 
any solar zenith angle. The program reads the calibrated 
PARABOLA data for one scan, calculates the irradiance for 
that solar zenith angle and simply calculates the 
reflectance. 
3.5 Statistical Analysis 
3.5.1 Transformed Divergence 
49 
Discrimination of surface types is dependent on a 
measurement of distance or separability between 
probability densities characterizing pattern classes 
(Swain and King, 1973). The level of statistical 
separability can be computed from the mean vectors and 
covariance matrices associated with each class by 
employing one of several statistical distance measures 
(Latty and Hoffer,1981). Divergence, while measurinQ 
statistical distance between pairs of classes, provides 
information on the separability of these classes. The 
separability of classes represents an estimate of the 
probability of correct classification for measurements 
provided (Latty and Hoffer,1981). In remote sensinQ, 
classes are assumed to have n~rmal probability density 
functions, thus divergence is written as an expression 
involving means and covariance matrices (Swain and Davis, 
1978). However, since divergence increases without bound 
as the statistical distance between classes increases, a 
saturation transform called transformed divergence was 
attempted which corresponds more closely with percent 
correct classification. 
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Transformed divergence programmed on ~ASA's rDrXS 
System was used to calculate separability between pairs of 
vegetation types based on their bidirectional reflectance 
data. Analysis of preliminary results showed that because 
of limited estimates of variance from the data that most 
were completely separable. Thus transformed divergence 
was found to be an inappropriate statistical test. 
preliminary results are given in Appendix 1. 
These 
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sensitivity of transformed divergence to these data is due 
to the wide separability between class means. This led to 
saturated values at most view angles and the small sample 
size (5) resulted in extremely small covariance values. 
The limitations cited above led to a re-evaluation of the 
statistical analysis used. As a result, the statistical 
test, student t, and a measure of dissimilarity, Euclidean 
distance were selected. A detailed discussion of the 
t-test and Euclidean distance follows. 
3.5.2 Student's T-Test 
The student's-t test is a small sample test for 
estimating and testing hypotheses about population means 
(Mendenhall, 1971). For the purposes of this research the 
S1 
t-test is used to make inferences concecning the 
diffeLences between two means that represent vegetation 
covers at specific view anqles. The formula for the 
t-test is: 
Where: 
Where: 
t = (Yl-Y2) 
s I.¢. 
nl ~ 
y 1 = sa mple mean 
Y2 = sample mean 
n = number of samples 
s = estimate of the population 
standard deviation 
n+n-2 = number of degrees of freedom 
s2 = sample variance 1 
2 sa rnple vaLiance $2 = 
The student·s-t test is similar to the z-test whose 
probabilitJ distribu~ion is the standardized normal 
distribution. the t-test, like the z-test is symmetrical 
about t=O, but unlike a normal distribution, it is much 
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more variable (~enjanhall, 1971). This v~riability is due 
to the randomness of the mean and variance which are 
independent of each other. 
The null hypothesis for the difference between two 
means is that both samples are drawn from the same 
population. To test the hypothesis, the computed t-score 
is compared to the tabulated t-score. If the value of the 
calculated t is larger, then the null hypothesis is 
rejected, meaning the samples probably come from different 
populations with different means. 
The t-test for the differences between two means is 
based upon two assumptions: (1) that the populations from 
which the samples are drawn are normally distributed , and 
(2) population variances are homogeneous. Although both 
assumptions can be violated with little effect on the 
conclusions drawn from the t-test (Thorne, 1980), a test 
for homogeneity of variance was made prior to computation 
of the t-test. A description of the test and results are 
found in Section 3.5.3. 
Three objectives were achiev=d by using the t-test in 
analzing the differences between means: 
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1. to test differences between ve~etation covers, 
2. to test view angle differences within vegetation covers 
and 
3. to test solar zenith angle differences within 
vegetation covers. 
The first objective was to test the significance of 
differences of the means between vegetation covers at 
nadir. T-values for each solar zenith angle in the 
visible and NIR were calculated. Vegetation that showed 
insignificant differences between the means at nadir were 
then tested at all view angles to indicate changing values 
between classes with off-nadir viewing, thus suggesting a 
possible increase in information content. 
In addition to the t-test for si~nificance between 
the class pairs, variability within classes was tested for 
view anqle and solar zenith angle chan~es. Within each of 
the solar zenith angle per class, differences between 
nadir and off-nadir view an9le means were calculated for 
the visible and NIH reflectance measurements. Thus, for 
each class having five solar zenith angles, ten 
calculations were made. Solar zenith angle variability 
·vas calculated by comparing identical view angles from 
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each of the sol~r zenith ~ngles within ~very vegetation 
cover type. 
3.5.3 F-Test for Equal Variance 
As previously mentioned, tests for equal variance of 
means is often calculated prior to performing the t-test 
to assess the assumption of equal variances. The F-test, 
a small sample statistical method, compares two population 
variances using the ratio of the sample variances (S2/S1). 
Independently drawn samples from normal distributions with 
equal variances possess a probability distribution in 
repeated sampling known as an F distribution. The F 
distribution is nonsymmetrical and depends upon the number 
of degrees of freedom associated with each sample 
variance. To test the null hypothesis , the critical 
value found in the F tables is compared to the calculated 
F from the variance ratio. If the calculated F is greater 
than the critical F at the 1 percent level then the null 
hypothesis is rejected, suggesting the samples are drawn 
from different populations. 
The F-test vas performed on the data for testing both 
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equal variance within and between classes. Prior to 
calculating the means test, the F-test for the following 
combinations was performed: 
1. Within class mean nadir value vs. every other view 
angle within a solar zenith angle, 
2. Between each class pair mean for every view angle, and 
3. Within class bp.tween solar zenith angles. 
The F-test for equal variance within canopies indicated 
that 98.6 percent of differences between off-nadir and 
nadir were insiqnificant, while 98.4 ~ercent of the 
differences in solar zenith angles were found to be 
insignificant. In addition, 97.9 percent of the class 
pairs showed variances between the reflectance values were 
equal. 
3.6 Euclidean Distance 
The most common measure of dissimilarity, Euclidean 
distance, is used as a measure of statisitical 
separability between classes computed for all class pairs. 
The deqree of dissimilarity between classes is provided 
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simplY by the distance between the class means, defined by 
the rectangular coordinate system. rhus the larQer the 
Euclidean distance, the greater the statistical distance 
and higher probability of correct classification (Kieffer 
and Lillisand, 1979). The Euclidean distance equation in 
n-dimensional space is defined as: 
Where: 
i = 1,2, ••• ,P 
P = total number of axes 
Xia = the projection of sample a 
on the ith axis 
xib = the projection of sample b 
on the ith axis 
The resulting Euclidean distance coefficient is a measure 
of dissimilarity ranging from 
positive infinity. 
zero (similarily) to 
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One-dimensional Euclidean distances are calculated 
separatedly for the NIH and visible wavelengths between 
class pairs for each view angle. In addition, Euclidean 
distance for the NIH and visible between class pairs is 
calculated. These combinations are expected to indicate 
which wavelength may be responsible for adding greatest 
separability between class pairs. In addition to the 
above combinations, selected multiple combinations of view 
angles between US degrees in the backscatter to US degrees 
in the forward scatter were calculated. The combinations 
are limited to within U5 degrees view angles in the 
bidirectional reflectance distribution for two reasons: 
the extreme variability found with different solar zentih 
angles beyond 45 degrees and the atmospheric effects 
existing at these larger view angles that would limit use 
in any classification algorithm. 
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4 RESULTS 
An evaluation of the bidirectional reflectance 
distribution of each canopy is the first step in analyzinQ 
the results. The data are representative of plant 
canopies ranQinQ fr~m almost bare soil to complete canopy 
cover. Observations for the principle plane are 'first 
provided for: 
1. complete vegetation canopies, 
2. bare soil, 
3. sparse vegetation canopies, anl 
U. impact of shadowinQ on bidirectional reflectance of 
canopies. 
The general characteristics discussed in each of 
these cateQories may be expected to account for most of 
the trends found in bidirectional ref Ie ctance 
distributions of plant canopies. However, other factors 
affect the bidirectional reflectance characteristics, for 
example, leaf anQle orientation, has a marked influence on 
bidirectional reflectance. Each plant cover analysis 
includes a separate discussion of the bidirectional 
reflectance distributions in the red and NIB spectral 
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regions. Using the t-test, diff=r6nces in ref16ctances 
were compared for the following conditions: 1) to compare 
off-nadir view angles and nadir in the backscatter and 
forward scatter direction, and 2) to compare solar zenith 
angles at every view angle. 
4.1 Complete Vegetation Canopy Bidirectional Reflectance 
Anisotropic scattering of ve~etation canopies 
generally results in increasing reflectance vith off-nadir 
view angles for all solar zenith angles. The peak 
reflectance occurs in the direction of the sun referred to 
as the backscatter direction. This trend occurs for both 
the red and NIR bands with the magnitude of reflectance 
greater in the MIR. These trends have been shown by Kimes 
(1984) and are clearly illustrated in Figs. 4.1-4.5. 
Kimes (198U) suggests increasing reflectance with 
off-nadir viewing is a fUnction of viewing different 
proportions of the canopy layers as the view angl6 
changes. As the view angle increases a nigher percentage 
of upper canopy layers are viewed. The proportion of 
shadowed canopy to sunlit canopy layers increases with 
depth into the canopy structure. Thus, viewing a higher 
percentage of upper canopy layers results in higher 
~eflectances. Increasing Solar zenith anqles are also 
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r~ported to incre~se reflectance at larger view angles by 
illuminating a greater percentage of upper canopy layers 
(Kimes, 1983). 
Results presented in Figs. 4.1-4.5 show red and NIH 
reflectances are generally higher in the backscatter than 
forward scatter direction. Although the sensor is viewing 
a higher proportion of upper plant canopy components with 
increasing view angle, increased shadowing is also 
observed in the forward scatter direction. Kimes (1984) 
suggests that the interaction of these two aechanisms 
result in the minimum reflectance off-nadir in the forward 
scattering direction. 
Results presented in Figs. 4.1-4.5 illustrate that 
reflectance in the NIR is more symmetric around nadir than 
the red spectral region. This can be explained by the 
scattering properties inherent in NIR reflectance. In 
addition to the mechanisms previously described, NIR 
reflectance also increases with off-nadir angles due to 
viewing increasinq multiple layering of leaves. It has 
been shown that ad1itive reflectance occurs due to the 
transmittance and reflectance properties of the NIB (Swain 
and Davis, 1978). The fifty percent reflectance and 
66 
transmittance properties typical of most leaves <Swain and 
Davis, 1978), results in illumination of lower canopy 
layers that reflect back through the upper canopies thus 
increasing reflectance. 
4.1.1 Anisotropic Scattering Properties of Soil 
The bidirectional reflectance of soils shows strong 
anisotropic scattering properties with off-nadir viewing 
(Kirchner,1981). Reflectance is known to increase ~ith 
increasing off-nadir viewing in the backscatter direction 
and to decrease to a minimum reflectance in the forward 
scatter direction. The largest variations in 
bidirectional reflectance appear to occur at large solar 
zenith angles. These trends are well documented in the 
literature (Kimes,1983, Kirchner,1982) and it is argued 
that the opaque nature of soils, that re.sults in low 
transmittance, is responsible. Rough coljenia"s very low 
plant density (16.4 percent) results in characteristics 
similar to that of bare soil. This can be seen in Fig. 
4.1. A strong backscatter occurs because only surfaces in 
direct sunlight are viewed by the sensor. As the sensor 
moves to the anti-solar direction, Kimes (1984) suggests 
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that the contribution of shadows caused by the opaqUe 
components increases. 
4.1.2 Sparse Canopy Bidirectional Reflectance 
In sparse canopies, the scattering properties of 
vegetation and soil combine to form a unique reflectance 
distribution. A comparison of shinnery oak (plant density 
48.5 percent) and 1rass (73.3 percent) with rough coldenia 
(plant density 18.4 percent) shows that sparser canopies 
exhibit a stronger backscatter than more complete 
vegetation canopies. In addition, the minimum reflectance 
occurrin9 at larger forward scatter view an9les in a 
sparser canopy is illustrated by the the rough coldenia 
(Fig. 4.1). 
Kimes (1984) suggests the variability of 
bidirectional reflectance in a sparse canopy is greatest 
at small solar zenith an9les 1ue to the higher soil 
contribution. As the sol~r zenith ~ngles increase, 
variability decreases because less soil and more 
vegetation is being viewe1, thus, the bi1irectional 
reflectance properties resemble a more c~mplete vegetation 
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canopy. From an examination of Figs.4.1-4.5 this trend is 
clearly illustrated. 
4.1.3 Impact of Shadowing on Bidirectional Reflectance 
of Plant Canopies 
Shadowing is a significant factor in the 
bidirectional reflectance of a plant canopy. The amount 
of shadow seen is a function of solar zenith and view 
angle. For example, Appendix 2 indicates that the 
shadowed proportion of all the vegetation cover types vary 
with solar zenith and view angles. The shadowing results 
(Appendix 2) illustrate two trends: 1 ) shadowing 
increases from the forward to backscatter direction and 2) 
shadowing increases with increasing solar zenith angle 
increases at every view anqle. Also evident is the 
differences in magnitude of shadowing among the vegetation 
covers. This characteristic depends primarily on the 
plant density and transmittance properties of a canopy. 
For example, the effect of opaque components of vegetation 
canopies and bare soil are significant since transmittance 
properties are zero. 
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The effect of opaque materials 00 shadowioJ is 
clearly shown in examininv the shinnery oak anj grass 
canopies. Although the grass canopy has a substantially 
higher plant density than the shinnery oak, the latter 
exhibits a greater overall shadowing effect. This is 
likely due to the shinnery oak being a woody plant with a 
high percentage of opaque material, where as the grass 
canopy has higher transmittance properties than the 
shinnerJ oak canopy. Another example is shown by 
examining the shinnery oak and snakeweed canopies. Both 
canopies have approximatel~ the same plant density, 
however, the shadowing effect is much more pronounced in 
the shinnery oak. This also aay be explained by the 
greater amount of woody biomass exhibited by the shinnery 
oak. 
An attempt was made to correl~te NIR and red 
reflectance values with percent shadow in the forward and 
backscatter direction of each vegetation canopy. 
Reflectances in the backscatter and forward scatter 
direction for every solar zenith angle were first 
correlated separately against percent shadow. In the 
forward scatter direction the =~rrelation coefficient 
between reflectance and shadowing for the rough coldenia 
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was -.51 (red) and .47 (NIR), while, the correlation 
coefficient for the other canopies were all below .28. 
Since rough coldenia has a sparse canopy cover, 
reflectance values are dominated by the large soil area 
viewed and to a lesser extent by the canopy 
characteristics. Shadowing on the soil surface would thus 
have a direct impact on reflectance values on the forward 
scatter direction. However, in the denser canopies the 
diversity of canopy characteristics affecting reflectance 
may mask the impact shadow has on the reflectance values. 
Strong negative correlations between NIR and red 
reflectance and shadowing occurred in the backscatter 
direction for the plant canopies except the rough 
coldenia. The hiqhest correlation coefficient between 
shadowing and reflectance in the backscatter direction 
occurs in the shinnery oak canopy (r = -.77 (red), r = 
-.63 (NIH». However, the other canopies all had 
relativelY strong correlations as well. For example, the 
grass and snakeweed canopies had strong similar 
correlation coefficients. The 9rass had a correlation 
coefficient of -.66 in the red and -.43 in the NIR, while 
the snake weed had correlations of -.66 in the red and -.49 
in the NIB. These correlation coefficients indicate that 
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relationships between reflectance anj shadowing 
stronger in the red spectral region. The more pronounced 
effect of shadowing in the red spectral reqion also has 
been referred to by Colwell (1974) and attributed to lower 
transmittance properties found in the red spectral region. 
4.1.4 Rough Coldeni~ Canopy Bidirectional P.eflectance 
The bidirectional reflectance pattern of rough 
coldenia, illustrated in Fig. 4.1, is similar to that of 
bare soil in both the NIB and red spectral bands. Since 
plant density is 18.4 percent, this observation may be 
attributed to the anisotropic properties of soils 
dominating th~ reflectance patterns. Fig. 4.1 shows 
reflectances increase linearly as off-nadir view angles 
increase in the backscatter direction. Beflectances 
decrease linearly with increasin~ off-najir angles in the 
forward scatter direction. However, at larger solar 
zenith angles the effect of soil is less pronounced with 
vegetation scattering properties begining to dominate the 
bidirectional reflectance pattern. The results given in 
Fig. 4.1 are consistent with the findings of Kimes (1984) 
in that the influence of soil scattering properties is at 
a maximum at the small solar Zenith angles. Kimes (1984) 
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suggests that this is due to soil illumination being the 
highest with smallest solar zenith an~l~s in a ~lant 
canopy. 
Significant differences in reflectance, tested using 
student's t-test, between nadir and most off-nadir view 
angles are found for the NIR and red spectral regi~ns at 
all solar zenith angles. Significant differences in 
reflectance between solar zenith angles in both the red 
and NIR bands of the rough coldenia canopy are limited to 
the backscatter direction (Appendix 4). However, some 
differences in reflectance occur between the largest and 
smallest solar zenith angles in view angles other than 
those found in the backscatter direction. These 
significant differences in reflectances are sli~htly more 
pronounced in the HIB. This finding may also be explained 
by the bidirectional reflectance distribution changing 
from one beina more characteristic of a bare soil (small 
solar zenith angle), to one resembling the bidirectional 
reflectance of a vegetation canopy at large solar zenith 
angles. 
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4.1.5 Creosote Bidirectional Reflectance 
Soil scatterinq properties dominate the bidirectional 
reflectance of creosote for both the red and HIR spectral 
reqions (Fig. 4.2). This is shown by the linear 
relationship between reflectance and view angle, shown in 
Fiq. 4.2, that is typical of the bidirectional 
reflectance of a bare soil. With a low plant density 
(14.7 percent), the high red reflectance in the 
backscatter direction may be attributed to the significant 
scattering properties of soil observed at qreater 
off-nadir angies. Small solar zenith angles show high 
reflectance values that are typical of a soil 
bidirectional reflectance distribution. As the solar 
zenith angles increase, the percentage of soil viewed by 
the sensor decreases and vegetation viewed increases, 
resulting in lower reflectance values in the backscatter 
direction (Fig. 4.2). Reflectance decreases in the 
forward scatter direction due to the ~reater properties of 
shadowed surface components that increase with increasing 
off-nadir angles. 
Like the rough coldenia canopy, the relationship 
between reflectance and view angles in the red spectral 
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region is generally linear in the creosote canopy. 
However, the chan~e in reflectance with increasing view 
angle in the backscatter, and decrease in reflectance with 
increasing view angle in the forward scatter direction is 
not as pronounced. Thus, the backscatter and forward 
scatter direction view angle reflectances show little or 
no significant differences from nadir in the red band. 
This finding may be caused by the relative height of the 
creosote canopy (213 cm) to the instrument (457 cm). At 
increasing off-nadir view anqles the proportion of 
vegetation being viewed increases substantially with a 
taller canopy. The increased proportion of vegetation 
viewed masks the generally strong backscatter response of 
the bare soil. 
Vegetation scattering properties are more apparent in 
the NIR bidirectional reflectance than in the red spectral 
region, althouqh the underlying soil still dominates the 
characteristics of the reflectance curve (Fig. 4.2). As 
was found in the rough coldenia canopy, the influence of 
soil is most dominant at small solar zenith angles because 
the proportion of solar illumination is at a maximum. At 
these small solar zenith angles the relationship between 
reflectance and view angles 1s nearly linear. As the 
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sola r zeni t h angle increa ses, the bidirec tiona 1 
reflectance distribution resembles a sparse canopy because 
less soil is viewed by the sensor and the proportion of 
upper canopy layers viewed increases. Reflectance also 
increases at larger solar zenith angles jue to the effect 
of multiple layers of ve~etation that increases 
reflectance in the NIB. This trend has also been shown 
for the rough coldenia canopy and is clearly illustrated 
in Fig. 4.2. 
Significant differences in reflectances do exist 
between most backscatter view an9les and nadir in the NIH 
band of the creosote canopy (Appendix 3). Although, the 
backscatter direction of creosote in the red and NIR have 
similar reflectance trends, the high variability 
associated with the red spectral region of the creosote is 
not as pronounced in the NIB. 
4.1.6 Grass Canopy Bidirectional Reflectance 
The red spectral region of the grass canopy 
(erectophile) shows continuously decreasing reflectance 
from US degrees in the backscatter to a minimum 
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reflectance in the forward scatter direction (Fig. 4.3). 
The minimum reflectance found at the large off-nadir 
angles occurs with smaller solar zenith angles and 
approaches nadir as the solar zenith angle increases. The 
relatively high plant density (50.0 percent) of the grass 
canopy limits the influence of bare soil to the smallest 
solar zenith angles. At the smaller solar zenith angles 
greater solar illumination of the bare soil results in 
higher overall bidirectional reflectance than larger solar 
zenith angles. The bidirectional reflectance of the ~rass 
canopy resembles a more complete vegetation canopy at 
larger solar zenith angles. 
The differences 1n reflectance between off-nadir view 
angles and nadir in the red spectral region for the grass 
canopy are generally more pronounced in the backscatter 
direction. This trend is found for all solar zenith 
angles and may be explained by the scattering properties 
of complete vegetation canopies that are known to increase 
reflectance in the backscatter direction with increasing 
off-nadir vie~ angles and increasing solar zenith angles. 
The decrease of significant differences in 
reflectance between nadir and off-nadir view anoles with 
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increasing solar zenith angles in the forward scatter 
direction results from the minimum reflectance shifting 
closer to nadir with increasing solar zenith angle. The 
forward scatter bidirectional reflectance distribution in 
the red spectral region may be explained by the 
significant amount of shadowing resulting from high plant 
density, decreasing percent· soil being viewed and increase 
in percent of low reflecting vegetation being viewed. 
While these mechanisms usually lower reflectance in the 
forward scatter direction, at the larger view angles in 
the higher solar zenith angles, the effect of uppet canopy 
components and possible specular reflectance viewed, 
causes reflectance to increase. 
Most of the variabilitJ in reflectance with solar 
zenith angle changes in the grass canopy red spectral 
region occurs within 30 degrees in the forward and 
backscatter direction between the higher and smallest 
solar zenith angles. This pattern is attributed to the 
following trends: 
1. smaller solar zenith angle bidirectional reflectances 
resemble those of a bare soil, and 
2. larger solar zenith angle bidirectional reflectances 
rese.ble those of a complete vegetation canopy. 
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Results presented in Fig. 4.3 show the NIR grass 
canopy bidirectional reflectance distribution decreases 
from 45 degrees in the backscatter direction to a minimum 
reflectance in the forward scatter direction. The minimum 
reflectance is found at larger view angles in the smaller 
solar zenith angles. As solar zenith angles increase, 
minimum reflectance approaches nadir. This trend is 
identical to that found in the red spectral region, 
however, the magnitude of reflEtctance values is 
substantially different. The anisotropic properties of 
,soil do not have a pronounced affect on the NIR grass 
canopy reflectance. Fig. 4.3 clearly illustrates that, 
unlike the red spectral region, the influence of bare soil 
is limited to the smallest solar zenith angle. As the 
solar zenith angle increases, bidirectional reflectance in 
the forward scatter direction is similar to that found in 
a more complete vegetation canopy. 
Significant differences in reflectance with solar 
zenith angle variability in the NIR grass canopy 
reflectance occur at 45 degrees view angle in the 
backscatter and forward scatter direction. This trend may 
be attributed to the increased ve~etation scattering 
properties that results in hiohest reflectance at large 
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4.1.7 Snakeweed Canopy Bidirectional Reflectance 
The red band bidirectional reflectance distribution 
of snakeweed (Fig. 4.4) shows maximam reflectance in the 
backscatter direction with reflectances decreasing to a 
minimum reflectance in the larger off-nadir view an9les in 
the forward scatter direction. The 
vegetation scattering mechanisms is 
influence 
likely to 
of 
be 
responsible for the strong backscatter peak. The soil 
background has little effect on reflectance due to the 
high plant density (50.0 percent). The strong backscatter 
reflectance accounts for significant differences in 
reflectance from nadir being more pronounced in the 
backscatter direction than the forward scatter direction 
for all solar zenith anqles (Appendix 3). 
Variability in reflectance of snakeweed with changing 
solar zenith angles in the red spectral region only 
appears in the largest view angles for both the forward 
and backscatter direction. At 45 degrees view anqle in 
the backscatter direction, the lowest reflectance values 
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occur at the s~allest solar zenith angle (30 degrees). 
The remaining sol~r zenith an~les have substantially 
higher reflectances. Thus, the reflectances at the 
smallest solar zenith angle are siqnificantly different 
from reflectances in the remaining solar zenith angles. 
This trend may be attributed to the exponential increase 
in reflectance with increasing solar Zenith angles, this 
being shown in the bidirectional reflectance distribution 
of snakeweed (Fig. 4.4). 
The NIR backscatter bidirectional reflectance of 
snake~eed is dominated by the multiple layering of the 
canopy and increasing proportion of upper canopy laYers 
that are viewed with increasing off-nadir angles. The 
reflectance in the forward scatter direction behaves 
similarly to that of the backscatter direction but with 
reduced reflectance values. 
An examination of the red bidirectional reflectance 
distribution (Fig. 4.4a) with the NIH in Fig. 4.4b shows 
that for all solar z~nith angles the minimum reflectance 
in the NIH occurs closer to nadir than that of the red 
spectral region. This illustrates the substantially 
lesser influence of bare soil in the NIB compared to the 
81 
red spectral region. In addition, the substantially 
higher reflectance with increasing solar zenith angle and 
view angle is evident. 
All view angles in the MIR backscatter direction of 
snakeweed have significantlY different reflectances from 
nadir for all solar zenith angles, while only at 45 
degrees in the large solar zenith angles in the forward 
scatter direction do significant differences in 
reflectance occur (Appendix 3). The minimum reflectance 
occurs at 15 degrees in the forward scatter direction for 
all solar zenith angles. Thus, significant differences in 
reflectances are unlikely to occur in the forward scatter 
direction except at large view angles for the larger solar 
solar zenith angles. 
The forward scatter direction of the snakeweed HIR 
bidirectional reflectance distribution shows significant 
differences in reflectance between the largest and the 
smaller solar zenith angles for all view angles, in 
addition to significant differences at 45 degrees 
backscatter in most solar zenith angles. The 
bidirectional reflectance distribution of snakeweed shows 
reflectances between solar zenith angles are Similar 
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between 15 degrees backscatter and nadir and diverge at 
larger view angles in both directions. Thus, the forward 
scatter direction shows greater varibility in reflectance 
with solar zenith angle changes. 
4.1.8 Shinnery Oak Bidirectional Beflectance 
Comparison of Figs. 4.4 and 4.5 illustrate the 
similarity of reflectance characteristics of shinnery oak 
to that of snakeweed in the red and NIB bidirectional 
reflectance 
explained by 
distribution. The similarities may be 
both canopies having spherical leaf 
orientations, and similar plant densities that result in 
comparable shadowing effects. The differences in 
magnitude of the red and NIH reflectance from the 
snake weed canopy is probably due to the specific 
reflectance, transmittance and absorption characteristics 
of the individual plants. 
Significant differences in reflectance between nadir 
and off-nadir view angles in the red and NIH distributions 
are similar to those found in the snakeweed and grass 
canopies. Significant differences in reflectance occur in 
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the red spectral reQion from nadir beyond 15 degrees vie~ 
angle in both the for.ard and bacKscatter direction in the 
smaller solar zenith angles. As solar zenith angles 
increase, significant differences in reflectances between 
off-nadir and nadir decrease in the forward scatter 
direction while remaining constant in the bacKscatter 
~irection. 
In the NIR, siqnificant differences in reflectance 
between off-nadir view angles and nadir are generally 
restricted to the backscatter direction for all solar 
zenith angles (Appendix 3). These trends are very similar 
to those found in the snakeweed and grass canopies and may 
be attributed to the general scattering properties of 
vegetation described previously. 
Significant differences in reflectance occur between 
the largest solar zenith angle and other solar zenith 
angles in the backscatter direction except at 45 de~rees 
view angle (Appendix 4). This finding may be explained by 
examining the bidirectional reflectance of shinnery oak 
which shows solar zenith angle bidirectional reflectances 
parallel each other from approximately 15 degrees forward 
scatter direction to 30 degrees in the backscatter 
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direction ( Fig. 4.5). However, at 45 degrees, th~ 
reflectance values converge, resulting in insignificant 
differences between solar zen~th an~les. In the forward 
scatter direction, reflectance values diverge at larger 
view angles, resulting in significant differences between 
solar zenith angles. 
An examination of the bidirectional reflectance 
distribution of shinnery oak in the backscatter direction 
in the HIE shows that the smallest solar zenith angles 
have significantly lower reflectance than the remaining 
solar zenith angles in the large off-nadir angles. Unlike 
the backscatter direction, the si~nificant differences in 
reflectance between solar zenith angles in the forward 
scatter direction are' explained by the lar~est solar 
zenith angles being most distant from smaller solar zenith 
angles in the larger off-nadir angles. 
4.2 T-Test for Differences Be~ween Vegetation Canopies 
Within the NIR, grass, snakeweed and creosote have 
similar reflectances at nadir for all solar zenith angles 
as an examination of Figs. 4.1-4.5 indicates. Analysis 
of results from Appendix 5 illustrates insignificant 
differences between these species reflectances at nadir. 
----------
I n  a d d i t i o n ,  r o u g h  c o l d e n i a  is shown t o  b e  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  a l l  t h e  v e g e t a t i o n  t y p e s  a t  a l l  s o l a r  
z e n i t h  a n g l e s  w h i l e  s h i n n e r y  o a k  o n l y  r e s e m b l e s  grass i n  
t h e  m i d d l e  s o l a r  z e n i t h  a n g l e s .  The b i d i r e c t i o n a l  
r e f l e c t a n c e  d i s t r i b u t i o n s  o f  s h i n n e r y  o a k  a n d  r o u g h  
c o l d e n i a  ( F i g s ,  4.1 a n d  4 . 4 )  show uhy t h e y  a r e  
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  e a c h  o t h e r  a n d  o t h e r  
v e g e t a t i . o n  t y p e s .  F o r  e x a m p l e ,  s h i n n e r y  o a k  is  s h o w n  t o  
h a v e  low r e f l e c t a n c e  relative t o  t h e  o t h e r  v e g e t a t i o n  
t y p e s  w h i l e  t h e  r o u g h  c o l d e n i a  i n  c o m p a r i s o n  h a s  t h e  
h i g h e s t  o v e r a l l  r e f l e c t a n c e  d i s t r i b u t i o n .  
F e w e r  v e g e t a t i o n  c o v e r  p a i r s ,  shown  i n  A p p e n d i x  5 ,  
a r e  f o u n d  t o  b e  similar a t  n a d i r  i n  t h e  r e d  d i s t r i b u t i o n .  
A g a i n ,  t h e  grass, s n a k e w e e d  a n d  c r e o s o t e  c a n o p i e s  show 
s imi lar  r e f l e c t a n c e  v a l u e s  a t  n a d i r .  A p p e n d i x  5 s h o w s  
s h i n n e r y  o a k  a n d  r o u g h  c o l d e n i a  t o  b e  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  a l l  o t h e r  c o v e r  types a t  e v e r y  s o l a r  z e n i t h  
a n g l e -  
T a b l e  4.1 p r e s e n t s  t h e  s o l a r  z e n i t h  a n g l e  d i f f e r e n c e s  
a t  a l l  v i e w  a n g l e s  f o r  t h e  v e g e t a t i o n  p a i r s  f o u n d  n o t  t o  
d i f f e r  a t  n a d i r -  A n a l y s i s  of t h e  r e s u l t s  f o r  t h e  red b a n d  
c o m b i n a t i o n s  show t h a t  t h e  f o r w a r d  scattering d i r e c t i o n  
Table 4.1 Students t-values far annpri&n for reflectances at  
selected view angles for canopy ccmbinations which had 
indistinguishable ref lectances at nadir. (Underlined 
t-values indicate significant differences at the 99 
percent level) . 
angle Channel -45O -30' -15O o0 +lsO +30° +4s0 
Grass-Creosote 
Grass-Snakeweed 
Grass-Creoso te 
Grass-Snakeweed 
Shinnery Oak-Grass 
Grass-Snakeweed 
Grass-Snakeveed 
Grass-Creosote 
Snakeweed-Creosote 
Snakeweed-Grass 
Grass-Creosote 
Snakeweed-Creosote .63 1.0 1.4 1.6 2.2 1.5 1.0 
Grass-Snakeweed 3.0 1.2 1.2 .64 1.9 1.6 7.4 
Grass-Creosote 
Snakeweed-Creosote 
Shinnery oak-Grass 
Grass-Snakeweed 
Grass-Creosote 
Snakeweed-Creosote 
Grass-Snakeweed 
Shinnery oak-Grass 
Grass-Snakeweed 
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generallY provides larger differences than the bacKscatter 
direction. The grass-creosote combination shows 
significant differences at the larger off-nadir view 
angles in the forward scatter direction with small solar 
zenith angles, while the snakeweed-creosote pair shows 
significant differences for all forvard scatter view 
angles and larger view angles in the backscatter. The 
qrass-weed pair vas shown to be significantly different in 
both the forward and backscatter direction 
particular advantage to either direction. 
with no 
Significant differences in the NIR distribution were 
also found to be more pronounced in the forward scatter 
direction. The grass-weed combination was significantly 
different only at larger off-nadir angles in the forward 
scatter direction while grass-creosote showed no 
significant differences at any view angle except in the 30 
degree solar zenith angle. The weed-creosote, oak-grass 
and oak-creosote pairs all showed significant differences 
in the forward scatter were slightly better than the 
backscatter direction. 
U.3 Euclidean Distances Between Vegetation Canopies 
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Appendix 5 and Tables 4.2 and 4.3 prezent the results 
of Euclid~an dist~nces between the paired vegetation 
canopies. Based on these results the following trends 
were observed: 
1. within the red spectral re~ion the backscatter 
direction consistently has the highest Euclidean distances 
between vegetation canopies, 
2. within the ~IR spectral region the highest Euclidean 
distances between vegetation canopies occur in the forward 
scatter direction, and 
3. the red spectral region shows consistently higher 
Euclidean distances between paired vegetation canopies 
than the HIR. 
In the following analysis descriptions of each of 
these characteristics is discussed in detail. 
4~3.' Comparisons in the BacKscatter Direction 
The highest Euclidean iist~nces found between 
vegetation canopies in the red spectral region occur in 
the bacKscatter direction. An examination of Appendix 5 
also indicates that within the backscatter direction the 
highest value is generally found at 45 degrees. This 
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trend may be explained by examining the bidirectional 
reflectance distribution of the plant canopies. As 
previously indicated and discussed in detail in Section 
4.1, the backscatter direction of the ve~etation canopies 
shows increasinq reflectance with increasing view anqles 
for all canopies. The reflectance in the forward scatter 
direction is shown to decrease qenerally with small solar 
zenith angles and slightly incre~ses with larqer solar 
zenith anqles. However, the maqnitude of the reflectance 
increases in the backscatter direction varies 
substantially while reflectances in the forward scatter 
direction occur in a narrow ranqe of values as an 
examination of Appendix 5 indicates. Thus, the Euclidean 
distances between vegetation canopies are more pronounced 
in the backscatter direction. 
4.3.2 Comparisons in the Forwarj Scatter Direction 
An evaluation of the data presented in Appendix 
indicates highest Euclidean distances between canopies are 
generally found in the forward scatter direction of the 
NIB. The hi?hest sinqle value within the forward scatter 
varies from one plant canopy to another. These results 
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were also indicated by the t-tEst tor significant 
differences between plant canopies. A visual inspection 
of the NIB bidirectional reflectance distributions 
indicate two trends: 
1) a symmetrical relationship exists in the backscatter 
direction of the plant canopies, and 
2) reflectance values for the plant canopies are similar 
in maQnitude in the backscatter direction. 
AlthouQh reflectance values are lower in the forward 
scatter direction, the ranQe of reflectance values are 
Qreater resultinQ in hiQher Euclidean distances. 
4.3.3 Comparisons of Paired VeQetation Canopies 
An examination of Appendix 5 indicates that each 
paired veQetation cover type in the red spectral region 
shows consistently higher Euclidean distances values than 
the NIR. Except for the shinnery oak-snakeweed canopy 
combination, all veQetation cover pairs display this 
characteristic. This trend is represented in Tables 4.2 
and 4.3 which further illustrates the ma~nitude of these 
differences when aultiple view anQle Euclidean distances 
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are calculated. The Suclidean 1istances for two multiple 
combinations of view angles in the backscatter direction 
for the NIR and red regions and their percent change in 
values are presented in Tables 4.2 and 4.3. The red 
spectral region sbows a substantial percentage increase in 
Euclidean distances over the NIB in both cases. 
An examination of the NIB bidrectional reflectance of 
the vegetation canopies in Fi~s. 4.1-4.5 su~gests a 
reason for the NIH showing less Euclidean distances. 
Figs. 4.2-4.5 present similar trends in the NIB for all 
the vegetation canopies except the rough coldenia. In 
particular, the backscatter direction for these canopies 
exhibit an exponential increase in reflectance from nadir 
towards the backscatter direction. Although the absolute 
values of reflectance increases, the systematic trend 
remains constant. The distances between reflectance 
curves between canopies are displaced either relatively 
higher or lower but at a constant displacement on the 
reflectance axis. Thus, Euclidean distances are found to 
be relatively constant from nadir to 45 degrees in the 
backscatter direction. This can be seen, for ~xample, the 
shinnery oak-creosote combination shows Euclidean 
distances relatively constant with off-nadir angles. 
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The red spectral region shows a somewhat si~ilar 
reflectance trend as in the NIR, however, the magnitude of 
reflectance values is dramatically different in each 
vegetation canopy as seen in Figs. 4.1-4.5. The reason 
that the red band shows greater variability in reflectance 
is likely due to the red spectral region being more 
sensitive to plant canopy parameters. For example, 
agr icu ltural scenes including soils and agricultural 
covers shows qreatest contrast in the red spectral region 
(l'!yers, 1983). The effect of soil is more pronounced in 
the red than NIR spectral region because soil reflectance 
peaks in approximately the red spectral region (Myers, 
1983). The percent plant cover has a substantially 
greater effect on the plant canopy reflectance in the red 
spectral region. This is clearly indicated by the 
bidirectional reflectance of rough coljenia in the r~d 
spectral region compared with plant canopies that have 
higher plant densities For ~xample, shinnery oak and 
snakeweed with approximately 50 percent plant densities 
have substantially lower reflectances than the rough 
coldenia canopy. Plant canopies show the qreatest 
contrast in the red spectral range due to chlorophyll 
absorption which ranges from 70 to 90 percent (Swain and 
davis, 1978). The high but variable chlorophyll 
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absorption results in lower reflectances than the NIR, 
however, it ~ay be argued that the greater variability in 
absorPtion results in a wider range of reflectance values 
for different plant canopies while the NIH reflectances 
remain constant between 45-50 percent. Thus, the greater 
sensitivity to vegetation and soil in the red spectral 
region provides greater Euclidean distances between plant 
canopies. 
4.4 Su.mary of Results 
The major findings of the analyses may be summarized 
as follows: 
1) Bidirectional reflectance patterns can be attributed 
to the combination of bare soil and complete canopy 
characteristics. The bidirectional reflectance 
distribution of bare soil shows a strong linear 
relationship between reflectance and off-nadir view angles 
in both the forward and backscatter direction. The 
bidirectional reflectance distribution of complete 
vegetation shows an exponential increase in reflectance in 
the backscatter direction with increasing off-nadir view 
angles. However, in the forward scatter direction, 
9t 
bidirectional reflectance sho.s greater variability than 
in the bacKscatter direction. ~inirnum reflectance occurs 
at larger off-nadir view angles at small solar zenith 
angle and approaches nadir as the solar zenith angle 
increases. 
2) The importance of leaf an~le iistribution in 
the nature of bidirectional reflectance is indicated by 
the contrasting BDB patterns associated with grasses 
(erectophile leaf orientation) and the other vegetation 
covers (SPherical leaf orientations). These differences 
are most evident at small solar zenith angles. The solar 
illumination of bare soil at small solar zenith angles in 
an erectophile canopy is much greater than that found in 
plant canopies with spherical leaf orientations. It was 
suggested that canopy architecture accounted for the 
reflectance distribution of grass in small solar zenith 
angles being closer to that of a bare soil while plant 
canopies with spherical leaf orientations resembled the 
bidirectional reflectance distribution of complete 
vegetation canopies. 
3) Examining separability on an individual band basis, 
maximum contrasts in reflectances between plant canopies 
occurs in the red spectral region. Although the NIR of 
the plant canopies has substantially larger values than 
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the red spectral region, most of the NIB bidirec~ional 
reflectance patterns are similar in shape and magnitude of 
reflectance values in all the canopies. The red spectral 
region has a lower reflectance distribution than the NIR 
pattern, but the reflectance values are much more 
variable. This can be explained by the high, but variable 
absorPtion characteristics of plant canopies in the red 
spectral region, where as NIR reflectances are found 
generally between 45-50 percent. 
4) The highest contrasts in reflectance in the red 
spectral region occurs in the backscatter direction, while 
in the NIH, contrasts in reflectance are highest in the 
forward scatter direction. The effects of shadowing in 
the red spectral region masks differential reflectances 
between canopies in the forwarj scatter direction, while 
in the backscatter direction shadowing is at a minimum. 
However, the extent of shadowing in the forward scatter 
direction of the NIR is substantially affected by the 
optical properties of plant canopies. 
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5 CONCLUSIO~S 
This research was an attempt to evaluate the 
bidirectional reflectance patterns of plant canopies and 
the effect these bidirectional reflectance distributions 
have on discrimination. In analysis of inter-canopy 
characteristics, the t-test was used to test significant 
differences in reflectance between 1) off-nadir view 
angles and nadir, and 2) bidirectional reflectance 
variability with changes in solar zenith angle. The 
second analysis examined intra-canopy· reflectance 
separability using the t-test to determine significant 
differences in mean reflectances. Euclidean distance 
quantified the distances between mean canopy reflectance 
values in multidimensional feature space. 
The results of this investigation are in general 
agreement with findings documented in earlier field based 
and modeling studies of BDH. For example, increasing 
reflectance with off-nadir viewing in the NIH and red 
spectral region has been shown in field studies by Kimes 
(1983) and Kirchner, et aI, (1981). Also, BRF variability 
with solar zenith angle increases has been reported. 
Specifically, the shift of minimum reflectance in the 
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forward scatter direction of plant canopies in both the 
NIH and red spectral regions closer to nadir with 
increasing solar zenith angles, as previously reported by 
Kimes (1983), has been substantiated in this study. Solar 
zenith angle variability also was shown to increase with 
sparser vegetation canopies. Within sparse vegetation 
canopies, the scattering properties of bare soil was found 
to dominate the BDR of most plant canopies at small solar 
zenith angles. This had previously been demonstrated by 
Kimes (1983) in a study of North African vegetation 
canopies. However, the extent of bare soil influence on 
the BOR of plant canopies was found to vary with the plant 
canopies due to their leaf angle distribution. Kimes 
(1984), using bidirectional reflectance simulation models, 
suggested that leaf angle orientations having unique BROF, 
will be useful in discrimination of plant canopies. It is 
clear from this field study using the PARABOLA that the 
grass canopy (erectophile leaf an;le distribution) has a 
distinctly different SOR than the canopies with spherical 
leaf orientations (eg. shinnery oak) at small solar 
zenith angles. These differences in BOR due to leaf anQle 
orientation is clearly indicated in the analyses of 
spectral separability using Euclidean distance. The 
greatest separability between the grass canopy 
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(erectophile) with plant canopies with spherical leaf 
orientations was indicated ~t small solar zenith angles. 
Given the limitations of this study in terms of 
sample size and limited variability in canopy conditions, 
these results should be regarded as preliminary findings. 
The strong indication that enhanced feature discrimination 
may be achieved under some conditions by using off-nadir 
observations justifies further research. 
While data obtained from the PARABOLA will clearly 
help in establishing empirical relationships in the BDB 
characteristics of different canopies, the use of 
reflectance models such as the SAIL model (Scattering from 
Arbitrarily Incline1 Leaves) of Verhoeff and Bunnik (1981) 
is likely to be indispensible in pursuing this research. 
Data obtained from the PARABOLA may be beneficial in 
testing and valid~ting such models. Nhere model output 
does not agree with field observations, modifications may 
be introduced and if necessary, the fundamental 
relationship used to define BRF may be re-evaluated. 
While this study has helped focus attention on the 
potential increase in information and discrimination 
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within and between plant canopies, researchers also need 
to reassess previous work ba~ed on the erroroneous 
assumption of isotropic surface reflectance. As 
previously suggested by Kimes (1983) and demonstrated in 
this research, nadir ~easurements will not 
accurately hemispherical albedo. 
represent 
Errors inherent in the basic data, reflectances, are 
directly transferable to the information which is 
extracted from these data. In order to minimize the 
possibility of ~aking incorrect decisions based on such 
information, it is necessary to eliminate as much 
uncertainty as possible in the basic measurements. 
Furthermore, if off-nadir observations are able to enhance 
feature discrimination, then the future desiQn of 
satellite systems will have to address this possibility. 
1 .. 2 
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7 APPENDICES 
Apperxiix 1 calculated transfonnerl divergence values for selected 
canopy canbinations using the red am NIR spectral 
regions for solar zenith angles of a) 30 degrees and 
b) 38 degrees 
Canopy combination 
a) Shinnery oak-Grass 
Shinnery oak-Rough coldenia 
Shinnery oak-Snakeweed 
Shinnery oak-Creosote 
Grass-Rough coldenia 
Grass-Sna1<.eweed 
Grass-Creosote 
Rough coldenia-Snakeweed 
Rough coldenia-Creosote 
Snakeweed-Creosote 
b) Shinnery oak-Grass 
Shinnery oak-Rough Coldenia 
Shinnery oak-Snakeweed 
Shinnery oak-Creosote 
Grass-Rough coldenia 
Grass-Snakeweed 
Grass-Creosote 
Rough coldenia-Snakeweed 
Rough coldenia-Creosote 
Snakeweed-Creosote 
View angle 
-450 -30u -150 00 +15u +300 +450 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 °2000 2000 2000 
1884 1775 1968 1982 1963 2000 2000 
1886 898 1075 991 2000 1891 1729 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 2000 2000 2000 
1999 1932 1999 1986 2000 1992 2000 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 2000 2000 2000 
1098 2000 2000 2000 2000 2000 2000 
2000 2000 1580 1971 2000 1990 1991 
2000 2000 754 1550 2000 1714 1991 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 2000 2000 2000 2000 2000 
2000 2000 1621 1961 2000 1996 2000 
J 
Apperx1ix 2 
Plant 
Canopy 
Sh1nnery.oak 
Crass 
Snakeveed 
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Percent of shadowing in the principle plane for 
each vegetation caI'X)Py type arxl view angle for 
different solar zenith angles 
Solar 
zenith 
angle 
30° 
38 ° 
45° 
54 ° 
60° 
30° 
38° 
45 ° 
54 ° 
60° 
30° 
38° 
45 ° 
54 ° 
60° 
View angle 
10.1 5.4 10.2 21.1 31.2 32.7 30.5 21.2 40.3 40.9 33.2 27.2 
8.3 15.7 23.2 43.1 33.3 36.0 39.6 48.3 38.0 42.5 39.3 41.2 
17.3 24.0 27.7 34.8 34.5 41.6 51.0 54.7 49.9 50.9 41.2 39.6 
9.6 16.2 25.6 27.5 38.6 27.7 59.2 36.5 46.1 53.1 45.4 35.7 
18.4 29.6 36.9 37.4 50.5 52.7 70.3 49.6 50.6 53.7 43.9 43.7 
.4 .8 2.4 4.5 3.8 2.2 4.5 13.9 18.0 20.9 22.5 20.6 
1.9 4.3.6.1 7.6 15.4 17.6 12.8 10.7 20.5 15.1 15.3 13.4 
4.2 8.3 9.6 12.2 10.8 15.5 19.9 28.8 30.6 29.5 31.~ 24.9 
5.7 6.8 12.3 15.8 22.0 44.0 20.8 16.6 24.5 20.7 25.5 22.8 
11.8 19.2 28.3 24.9 31.5 17.7 36.6 32.5 28.0 30.5 37.3 28.9 
0.0 1.1 8.8 14.3 18.0 4.4 31.6 28.8 24.6 22.6 27.3 22.4 
.9 2.7 6.1 12.6 14.1 26.6 23.3 32.5 27.1 28.1 28.8 26.8 
1.7 6.3 17.4 20.7 19.0 26.9 39.9 25.9 36.8 30.3 27.4 27.0 
4.5 7.6 15.2 23.0 17.4 42.1 26.6 35.5 34.5 33.9 31.1 27.2 
15.0 24.6 30.2 29.2 28.2 52.7 49.9 35.1 49.1 35.5 34.2 28.6 
Rough coldenia 30° 
38° 
1.0 0.6 0.6 0.0 3.2 0.0 2.0 1.8 7.7 8.1 10.4 7.8 
0.0 0.2 0.0 0.3 1.2 0.0 6.6 5.9 5.5 6.0 5.7 9.6 
0.8 3.1 2.7 4.5 4.5 2.2 6.6 7.4 6.2 18.8 8.1 13.1 
0.3 0.2 4.9 8.4 8.3 2.2 3.3 6.6 18.7 12.0 12.5 12.6 
5.7 13.8 14.0 7.6 10.2 26.6 16.6 5.5 14.0 16.1 15.5 19.6 
45° 
54 ° 
60 ° 
Creosote 30° 
45 0 
54 0 
60° 
4.9 1.7 0.6 1.4 5.6 11.1 4.1 5.5 23.7 28.2 10.9 23.6 
14.8 19.0 25.6 28.8 32.8 60.3 46.6 33.3 32.1 43.8 28.9 41.1 
12.7 15.7 14.7 20.1 20.1 8.3 37.4 25.9 26.5 36.1 31.9 39.6 
16.320.6 18.9 20.7 20.7 37.7 32.1 25.1 38.0 34.4 30.1 47.8 
Apperrlix 3 
116 
Students t-values for the ~ison between off-nadir 
and nadir mean reflectances (red and NIR) for selecterl 
solar zenith angles for a) rough coldenia, b) cra:>sote 
c) grass, d) shinnery oak arrl e) snakeweed. (Underlined 
values in:li.cate significance at the 99 percent level.) 
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a) 
Solar View angle 
zenith 
angle -450 -300 -15 0 00 +150 +300 +45 c 
30° 8.7 6.8 2.8 5.5 10.2 11.2 
380 11. 7 6.6 3.1 5.3 10.3 10.6 
CHANNEL 1 45° 12.2 5.8 3.4 1.6 5.4 11.0 
54° 12.8 9.4 2.7 2.1 3.7 6.4 
60° 17.5 9.0 3.7 3.2 5.3 8.0 
Solar View angle 
zenith 
angle -45 0 -300 -150 00 +150 +300 +45 0 
30° 1l.7 6.6 3.1 5.3 10.3 10.6 
-- -----
380 9.9 5.8 3.0 0.1 5.0 7.8 
CHANNEL·2 45° 14.4 10.2 3.4 1.9 4.1 6.7 
54° 19.6 10.3 l.6 3.2 4.5 5.9 
60° 13.1 5.5 2.4 2.6 4.4 6.3 
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b) 
Solar View angle 
zenith 
angle -45 0 -300 -150 00 +15 0 +300 +45 0 
300 2.8 2.7 0.5 1.0 0.4 0.5 
45 0 4.2 1.6 0.7 - 0.2 0.1 0.7 CHANNEL 1 
540 5.1 3.0 0.9 - 0.4 0.6 0.0 
60 0 2.4 1.8 0.6 1.2 2.1 2.7 
Solar View angle 
zenith 
angle -45 0 -300 -150 00 +15 0 +300 +45 0 
300 4.9 3.2 0.9 1.6 2.5 2.4 
CHANNEL 2 45
0 8.2 4.0 1.3 0.6 0.6 1.2 
54 0 13.1 5.3 1.2 0.4 0.3 1.5 
60 0 11.6 4.8 2.9 0.1 1.2 0.5 
119 
c) Solar 
zenith View angle 
angle -45 0 -30 0 -15 0 00 +15 0 +30 0 +45 0 
300 3.6 4.1 2.5 1.4 2.9 6.0 
38 0 5.3 3.9 1.5 1.9 3.1 3.7 
CHANNEL 1 45° 7.2 5.4 2.4 1.1 1.6 3.4 
54° 10.3 7.4 2.2 1.5 2.8 2.1 
60° 14.7 10.1 1.7 2.2 2.9 0.5 
----
Solar View angle 
zenith 
angle -45 0 -30° -15° 0° +150 +300 +450 
30° 5.0 4.9 2.3 1.0 2.6 4.1 
38° 7.3 7.8 2.5 1.5 2.6 2.1 
CHANNEL 2 45° 8.3 5.7 .2.5 0.1 0.3 0.3 
54° 9.8 4.4 1.5 1.2 0.4 0.7 
60° 10.4 3.9 0.5 1.7 1.0 1.1 
CHANNEL 1 
CHANNEL 2 
Solar View angle 
zenith 
angle -450 -300 -150 00 +150 +30° +45O 
300 -- 16.7 13.0 4.6 - 2.2 3.0 2.4 
38O --- 17.7 50.1 10.1 - --- 3.6 11.5 33.5 
45 O -- 8.3 6.2 1.4 - 1.3 2.4 2.9 
54O -- 8.7 7.6 2.6 - 3.0 4.2 2.7 
60° - 12.4 7.1 1.5 - 1.3 2.7 1.1 
i 
1 
Solar View angle 
zenith 
angle -450 -300 -150 00 +15O +30° +45O 
30° -- 14.6 10.9 - 4.4 - - 3.6 -- 8.5 11.8
14.3 7.9 2.8 - 3.0 8.9 14.3 38O - - 
45O 7.5 11.2 3.9 - 3.7 7.0 11.1 
-- - - --
54O 9.4 6.7 4.6 - 3.1 7.2 3.1 
60° -- 18.7 10.7 3.1 - 1.9 3.6 1.0 
• I 
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e) 
Solar View angle 
zenith 
angle -45 0 -300 -150 00 +15 0 +300 +45 0 
300 6.8 5.7 3.1 3.2 5.8 7.4 
38 0 17.4 10.7 4.0 2.1 5.5 7.9 
----
CHANNEL 1 45 0 13.1 7.4 2.8 1.9 2.8 2.5 
54 0 12.1 6.3 3.0 2.9 5.4 6.4 
600 10.2 5.9 2.8 1.5 2.2 1.3 
Solar View angle 
zenith 
angle -45 0 -300 -150 00 +15 0 +300 +45 0 
300 19.0 15.7 6.7 2.9 2.4 1.1 
380 29.9 24.0 8.1 2.6 2.3 1.2 
CHANNEL 2 45 0 35.3 19.9 6.3 3.1 1.6 2.9 
54 0 38.5 17.3 6.8 2.1 2.2 5.2 
600 62.8 18.8 8.7 1. 7. 1.5 53.4 
Appendix 4 : Students t-values for the ccmparison between pairs of 
solar zenith angle mean reflectances (red and NIR)  for 
selected view angles for a) rough coldenia, b) creosote, 
C )  grass, d) shinnery oak and e) s n a k d .  (Underlined 
values indicate significance at the 99 percent level.) 
'f 
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a) 
View angle 
Comparative 
pairs of solar 
-45°_30°_15° .0° +15 ° +30 ° +45 c zenith angles 
300 - 380 2.8 1.7 .18 .46 .79 .29 2.5 
300 - 450 5.1 .77 .46 .76 .03 .55 1.6 
300 - 540 5.5 1.2 1.0 .34 .38 .66 1.6 
CHANNEL 1 300 - 600 5.5 22. 2.2 3.3 3.2 3.5 3.3 380 - 450 2.2 .54 .32 .39 .72 .27 .15 
380 - 540 2.8 0.0 1.0 .20 .44 .37 .30 
380 - 600 2.6 1.6 2.3 2.5 2.9 2.3 1.4 
450 - 540 .91 .86 .58 .57 .32 .10 .37 
450 - 600 .40 2.8 1.9 1.6 3.0 1.6 1.2 
540 - 600 .57 1.9 1.8 3.1 3.0 1.4 .56 
300 - 380 3.6 1.3 .05 .07 2.5 1.1 3.0 
300 - 450 6.9 2.6 .40 .82 .24 1.0 2.2 
- 300 - 540 8.8 2.0 .71 .13 1. 0 .66 1.1 
CHANNEL 2 300 - 600 7.9 .06 1.4 1.2 2.3 3.0 4.3 380 - 450 2.6 8.5 .55 .55 2.2 .29 .41 
380 - 540 4.5 8.7 .96 .01 1. 9 .09 1.0 
380 - 600 4.0 28. 1.7 .95 3.7 1.8 2.5 
450 - 540 2.3 .49 .35 .68 .84 .13 .25 
450 - 600 1.9 2.4 1.2 .48 1.5 1.1 1.3 
540 - 600 .13 1.8 1.0 3.1 2.8 1.1 1.2 
" 
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b) 
View angle 
Comparative 
pairs of solar 
zenith angles -45° -30° -15° 0° +15° +30° +45° 
30° - 45° .42 1.8 2.9 1.1 .24 .03 1.8 
30° - 54° .79 1.4 1.4 1.8 1.7 .27 1.7 
CHANNEL 1 30° - 60° .13 .02 .28 .09 .44 .83 2.4 
45° - 54° .44 .49 1.2 .52 1.2 .29 .22 
45° - 60° .52 1.3 3.0 1.2 .15 .94 .51 
54° - 60° .86 .97 1.5 1.9 1.3 .73 .75 
. 
30° - 45° 2.6 .67 1.4 1.4 .36 .10 1.4 
30° - 54° 2.7 1.4 1.6 1.8 .35 - 2.2 
CHANNEL 2 30° - 60° 2.9 1.5 1.6 2.3 .67 1.9 1.6 
45° - 54° 1.0 .45 .34 .25 .02 .07 .32 
45° - 60° .03 .75 .06 .81 .33 1.2 .12 
54° - 60° 1.2 .40 .42 .66 .38 1.2 .18 
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c) 
View angle 
Comparative 
pairs of solar 
-45° zenith angles -30° _1~-e_ 00 +150 +300 +450 
300 - 380 1.0 0.0 1.4 1.1 2.9 2.7 1.9 
300 - 450 1.9 .54 3.7 2.6 2.9 1.3 .81 
30° - 549 2.0 9.4 4.1 3.7 4.1 2.7 2.4 
CHANNEL 1 300 - 600 2.0 7.4 4.6 3.5 4.3 2.6 4.5 380 - 450 1.3 -- .43 1.1 .44 1.0 .13 1.6 
380 - 540 1.1 2.7 1.8 1.6 .80 .41 5.3 
380 - 600 .81 2.5 2.1 1.5 1.3 .20 6.7 
450 - 540 .21 2.3 1.0 .77 1.0 1.8 2.5 
450 - 600 .70 2.1 1.6 .61 1.5 1.5 4.3 
540 - 600 .58 .79 .40 .21 .78 .58 2.8 
30° - 38° .63 .34 .76 1.5 2.1 1.3 1.4 
- 30° - 45° 2.0 .49 1.9 2.1 1.2 .18 3.0 
30° - 54° 3.3 .29 2.1 1.3 1.5 .61 6.1 
CHANNEL 2 30° - 60° 4.8 .17 1.5 .23 1.0 1.3 6.9 38° - 45° 1.3 .75 .88 .77 .34 1.1 2.5 
380 - 540 2.5 .51 1.0 .22 .16 1.5 6.6 
380 - 600 3.8 .05 .74 1.3 .45 2.7 6.9 
450 - 540 1.0 .08 .23 .94 .17 .76 3.1 
450 - 600 2.1 .50 .01 1.8 .09 1.6 4.8 
540 - 600 1.0 .36 .16 1.0 .26 .48 3.6 
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d) 
View angle 
Comparative 
pairs of solar 
zenith angles 
-45° -30° -15° 0° +150 +300 +450 
30° - 38° 2.8 .85 .70 .68 .22 1.0 1.9 
30° - 45° 1.7 2.8 .26 .86 1.5 .68 1.5 
30° - 54° 2.2 2.7 4.5 3.1 2.1 4.1 2.1 
CHANNEL 1 30° - 60° 1.3 7.1 9.0 4.2 3.1 3.9 8.4 38° - 45° .39 1.1 .41 .25 1.7 .11 .12 
38° - 54° .72 1.6 1.9 2.9 2.5 1.0 1.7 
38° - 60° 1.9 3.8 3.9 4.1 3.8 1.6 7.7 
45° - 54° .23 .98 2.8 2.5 .05 1.0 1.6 
45° - 60° 1.3 4.9 5.4 3.7 .44 1.4 6.3 
54° - 60° 1.8 1.4 4.7 1.6 .54 .97 1.0 
-
30° - 38° 5.7 2.2 2.4 1.0 .50 3.2 3.0 
30° - 45° 5.5 1.1 .94 .89 .63 .26 1.6 
30° - 54° 4.6 .22 .82 .90 .47 1.2 .65 
CHANNEL 2 30° - 60° 12. 2.5 .72 1.1 .08 .32 3.0 380 - 450 1.6 .89 .42 .49 .83 2.8 6.0 
380 - 540 1.3 .60 .20 .22 .14 .34 3.8 
380 - 600 2.4 1.5 .36 .76 .27 1.4 7.2 
450 - 540 .07 1.0 .48 .35 .81 .98 2.4 
450 - 600 .06 .55 .55 .08 .21 .18 5.8 
540 - 600 .15 1.3 .ll .53 .22 .44 2.2 
127 
e) 
View angle 
Comparative 
pairs of solar 
-450 zenith angles -300 -15° 00 +150 +300 +450 
300 - 380 3.0 .92 1.5 2.3 .24 .38 1.0 
300 - 450 5.0 1.6 1.1 1.8 1.3 .73 .27 
300 - 540 4.1 1.2 2.4 .99 .04 .48 3.5 
CHANNEL 1 300 - 600 3.7 1.8 2.6 1.7 .52 1.5 7.2 380 - 450 2.2 .99 .17 .10 1. 3 1.0 .43 
380 - 540 1.9 .38 .42 1.7 .20 .21 3.4 
380 - 600 1.7 1.2 .74 - .34 1.4 9.1 
450 - 540 .52 .35 .54 1.1 1.3 1.0 2.2 
45 0 - 60° .48 .58 .81 .08 1.0 1.7 4.6 
540 - 600 .02 .73 .50 1.1 .48 .93 4.4 
-
-
300 - 380 5.6 1.0 2.3 1.4 .48 .33 .86 
300 - 45 0 13. .65 1.4 .64 .43 .81 3.6 
300 - 540 17. .99 .47 .30 .40 1.4 7.5 
CHANNEL 2 300 - 600 20. 2.8 .14 1. 7 3.5 5.6 15. 380 - 450 5.9 .51 .78 .77 .12 1.3 3.4 
380 - 540 8.1 2.0 1.9 2.0 .74 2.0 9.1 
380 - 600 11. 3.6 2.3 7.0 3.6 6.7 22. 
450 - 540 3.8 1.7 1.0 1.o:7f .87 3.3 
450 - 600 8.6 3.5 1.4 3.0 4.2 6.5 11. 
540 - 600 5.6 1.9 .59 1.1 2.1 3.4 2.4 
-
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Matrices of stud.ents t-values for cx:rnparison of mean 
reflectances at nadir for different canopies in the 
raJ. am NIR spectral bands far solar zenith angles 
a) 30 de:Jrees, b) 38 degreeS, c) 45 de:Jrees, d) 45 
degrees and e) 60 degrees. (Urxlerlined t-values 
indicate no differences in reflectance at the 99 
percent level) . 
Red Spectral Region 
Shinnery Rough 
oak Grass coldenia Snakeweed Creosote 
a) Shinnery oak - 
Grass 7.9 - 
Rough coldenia 48.8 20.6 - 
Snakeweed 9.1 3.5 36.9 - 
Creosote 6.3 1.8 11.1 4.3 - 
Shinnery Rough 
oak Grass Coldenia Snakeweed 
b) Shinnery oak - 
Grass 5.3 - 
Rough coldenia 34.2 16.8 - 
Snakeweed 12.9 2.7 13.6 - 
Shinnery .Rough 
oak Grass coldenia Snakeweed Creosote 
c) Shinnery oak. - 
Grass 6.9 - 
Rough coldenia 22.2 18.6 - 
Snakeweed 5.9 1.9 21.3 - 
- 
Creosote 4.2 1.8 9.2 - - 2.8 - 
Shinnery Rough 
oak Grass coldenia Snakeweed Creosote 
d) Shinnery oak - 
Grass 10.1 - 
Rough coldenia 53.2 37.5 - 
Snakeweed 13.3 - .6 45.1 - 
Creosote 4.5 1.8 12.8 -. - 2.1 - 
Shinner y Rough 
oak Grass coldenia Snakeweed Creosote 
e) Shinnery oak - 
Grass 11.0 - 
Rough coldenia 30.8 25.6 - 
Snakeweed 7.9 1.7 25.7 - 
Creosote 7.4 4.6 9.0 5.3 
NIR Spectral Region 
a) Shinnery oak 
Grass 
Rough coldenia 
Snakeweed 
Creosote 
b) Shinnery oak 
Grass 
Rough coldenia 
Snakeweed 
c) Shinnery oak 
Grass 
Rough coldenia 
Snakeweed . 
Creosote 
d) Shinnery oak ' 
Grass 
Rough coldenia 
Snakeweed 
Creosote 
e) Shinnery oak 
Grass 
Rough coldenia 
Snakeweed 
~reos'ote 
Shinnery Rough 
oak Grass coldenia Snakeweed Creosote 
Shinner y Rough 
oak Grass coldenia Snakeweed 
Shinnery Rough 
oak Grass coldenia Snakeweed Creosote 
S hinnery ' Rough 
oak Grass coldenia Snakeweed Creosote 
Shinnery Rough 
oak Grass coldenia Snakeweed Creosote 
1ppenclix 6 
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Euclidean distances between canopy pairs for selected 
view angles and solar zenith angles in the a) red, b) NIR 
and c) the red and NIR spectral baIrls: .... 
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